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Abstract 

In the mid-Cretaceous, several distinct periods of organic-rich black shale deposition 

appear. The enhanced burial of organic carbon in marine sediments during these so 

called Oceanic Anoxic Events (OAEs) is thought to arise either from enhanced bio-

productivity or from intensified preservation of organic matter during anoxic 

conditions. The Cenomanian-Turonian Boundary Event (CTBE = OAE 2; ca. 93.5 

Ma) is one of the most prominent manifestations of a global oceanic anoxic event. 

Under severe oxygen-depleted conditions, several redox-sensitive or sulfide forming 

trace elements are enriched within the sediments. Therefore the CTBE is 

characterized by a specific distribution pattern of diagnostic trace metals. Studies of 

modern analogues of organic carbon-rich sedimentation typically reveal quite 

different enrichment patterns to those at the C/T boundary. It is therefore suggested, 

that trace metals provide useful information when reconstructing paleoenvironmental 

conditions. 

This study presents inorganic geochemical analyses of two OAE 2 sequences 

located in different paleogeographical settings resulting in different lithological 

expressions regarding black shale deposition. During Ocean Drilling Program ODP 

Leg 207 expanded, shallowly buried Cretaceous sediments were recovered from 

Demerara Rise off Suriname, South America. The almost continuous bottom water 

anoxia at Demerara Rise during the Cenomanian/Turonian transition resulted in 

perfectly preserved primary signals, without overprinting by changes in bottom water 

oxygenation. These sediments are thus uniquely suited for paleoenvironmental 

reconstructions using trace metal (TM) distribution patterns. At Wunstorf (northern 

Germany) a continuous core spanning 76 m of middle Cenomanian to middle 

Turonian sediments was drilled in 2006. The Wunstorf area represents the basinal 

part of an intrashelf basin that was formed during the Cenomanian transgression as a 

part of an extended epicontinental shelf. The CTBE is represented by a 26.5 m thick 

sedimentary succession consisting of rhythmically bedded laminated black shales, 

dark organic-rich marls and marly limestones. 

 

To analyze the sedimentation history of Demerara Rise bulk sediment geochemical 

data from squeeze cakes (pore water squeezing residues) were used to characterize 

the five lithologic units describing the Cretaceous to Paleogene sequence recovered 
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during ODP Leg 207. Sediments consist of different mixtures between biogenous 

carbonate and detrital material. Lithologic Units II-IV show high carbonate contents, 

whereas Unit I and V are dominated by terrigenous detritus. The Cretaceous black 

shales of Unit IV are clearly enriched in redox-sensitive and stable sulfide-forming 

elements indicating high paleoproductivity and severe oxygen depletion in the water 

column. The analysis of iron and sulfur speciation indicates euxinic conditions during 

Cretaceous black shale deposition. High amounts of organically bound sulfur show 

that organic matter acted as an important sulfur trap during early diagenesis in 

addition to fixation of sulfide by iron. 

High-resolution major and minor element data for black shale sequences of ODP Leg 

207 Sites 1258 and 1260 were generated to identify changes in redox-conditions of 

the depositional environment during OAE 2 by using distribution patterns of trace 

element enrichment as well as iron and sulfur speciation and stable sulfur isotope 

data. The existence of an expanded oxygen-minimum-zone (OMZ) is demonstrated 

by extremely low Mn/Al ratios. Elevated Fe/Al and Co/Al values within the 

Cenomanion/Turonian interval document euxinic conditions but, at the same time, 

require a zone where reducing but non-sulfidic conditions prevail, allowing reductive 

Fe and Co mobilization in oxygen-depleted nearshore sediments. High ratios of 

reactive to total iron indicate pyrite formation both in the water column and within the 

sediment confirming at least temporarily free dissolved sulfide in the water column. 

These results are in line with organic-geochemical studies. Extremely high 

concentrations of derivatives of isorenieratene and chlorobactene, fossil pigments 

derived from green sulfur bacteria, indicate at least occasionally truly euxinic 

conditions in the photic zone during OAE 2.  

Although the C/T black shales of Demerara Rise are clearly enriched in redox-

sensitive and sulfide forming TM, a decline in seawater derived TM enrichment (e.g. 

for Mo, V, and Zn) is noticeable at OAE 2. Because suboxic or even euxinic 

environments form a significant sink for TM, the global enlargement of oxygen-

depleted depositional areas at the onset of black shale deposition during OAE 2 has 

likely led to a drawdown of the seawater TM reservoir. TM/TOC ratios in sediments 

deposited during OAE 2 are much lower than in sediments deposited before and 

thereafter, where values are similar to TM/TOC found in other C/T black shales. This 

may indicate a decoupling of TM enrichment and TOC deposition during OAE 2, due 

to lower TM concentration in seawater. 
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On-going diagenesis in Cretaceous black shales of Demerara Rise is indicated by 

pore water data. Ba enrichments in sediments above the black shale sequences 

show former diagenetic mobilization from barite in underlying sediment layers. A 

reaction-transport model was used to infer the long-term evolution of anaerobic 

organic matter degradation in Cretaceous black shales of Demerara Rise based on 

present-day porewater and authigenic barite profiles. 

 

High resolution investigations of major and minor elements were carried out on the 

Cenomanian-Turonian sedimentary succession at Wunstorf. Seven black shale 

packages, each containing several black shale layers, were defined by TOC values. 

Distribution patterns of sulfur, iron and redox-sensitive and sulfide-forming trace 

metals hint to suboxic to anoxic conditions at the sediment-water interface. Because 

variations in element/Al ratios follow the cyclic patterns defined by Voigt et al. (2008), 

we postulate climatically induced changes in sediment supply. Reduced vertical 

mixing has led to the stabilisation of water column stratification, thus causing black 

shale deposition.  
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Kurzfassung 

Während der mittleren Kreidezeit kommt es zu bestimmten Zeiten mehrfach zur 

Ablagerung Organik-reicher Schwarzschiefer. Man geht davon aus, dass die 

vermehrte Einlagerung von organischem Kohlenstoff (Corg) in Meeressedimenten 

während der so genannten Ozeanischen Anoxischen Ereignisse (OAEs) entweder 

aus erhöhter Primärproduktion oder aus verstärkter Erhaltung organischem Materials 

unter anoxischen Bedingungen resultiert. Das Cenoman-Turon-Grenzereignis (CTBE 

= OAE 2; ca. 93,5 Ma) ist eines der ausgeprägtesten Beispiele eines globalen 

ozeanischen anoxischen Ereignisses. Unter sauerstoffarmen Bedingungen werden 

redoxsensitive oder stabile Sulfide bildende Spurenelemente im Sediment 

angereichert. Deshalb ist das CTBE durch ein spezifisches Verteilungsmuster von 

diagnostischen Spurmetallen charakterisiert. Untersuchungen an rezenten 

Analogbeispielen Corg-reicher Sedimentation zeigen unterschiedliche 

Verteilungsmuster im Vergleich zur C/T-Grenze. Es wird deshalb angenommen, dass 

Spurenmetalle nützliche Informationen zur Rekonstruktion von 

Paläoumweltbedingungen liefern. 

Diese Studie präsentiert eine anorganisch-geochemische Untersuchung von OAE 2-

Sedimentabfolgen zweier unterschiedlicher paläogeografischer Standorte, an denen 

sich daher auch die Schwarzschiefer-Ablagerung lithologisch unterschiedlich 

ausdrückt. Im Rahmen von ODP Leg 207 wurden auf dem Demerara Rise vor 

Surinam, Südamerika, mächtige Sedimentabfolgen der Kreidezeit aus geringer Tiefe 

erbohrt. Anhaltende Bodenwasser-Anoxia während des Cenoman/Turon Übergangs 

führten hier zur idealen Erhaltung primärer Signale ohne Überprägung durch 

Bodenwasserbelüftung. Daher sind diese Sedimente hervorragend geeignet, 

Verteilungsmuster von Spurenmetallen für Paläoumwelt-Rekonstruktionen 

anzuwenden. Nahe Wunstorf (Norddeutschland) wurde 2006 ein durchgehender, 76 

m langer Kern erbohrt, der Sedimente des mittleren Cenoman bis mittleren Turon 

umfasst. Das Gebiet um Wunstorf bildet das Becken eines Randmeeres, das 

während der Cenoman-Transgression als Teil des erweiterten epikontinentalen 

Schelfs gebildet wurde. Das CTBE drückt sich in einer 26,5 m mächtigen zyklischen 

Wechsellagerung von laminierten Schwarzschiefern, dunklen Corg-reichen Mergeln 

und mergeligen Kalken aus. 
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Zur Untersuchung der Sedimentationsentwicklung des Demerara Rise wurden 

zunächst geochemische Daten von Sediment-Presslingen (Rückstände der 

Porenwassergewinnung) verwendet, um die fünf lithologischen Einheiten der 

während ODP Leg 207 erbohrten Sedimentabfolge von der Kreide bis zum Paläogen 

geochemisch zu charakterisieren. 

Sedimente bestehen aus variablen Mischungen von biogenem Karbonat und 

terrigenem Detritus. Die lithologischen Einheiten II-IV zeigen hohe Karbonat-Gehalte, 

wohingegen die Einheiten I und V durch terrigenen Detritus dominiert werden. Die 

Kreide-Schwarzschiefer der Einheit IV sind klar an redoxsensitiven und stabile 

Sulfide bildenden Elementen angereichert, wodurch hohe Paläoproduktivität und ein 

deutliches Sauerstoff-Defizit in der Wassersäule angezeigt werden. Die Analyse von 

Eisen- und Schwefel-Spezies deutet auf euxinische Bedingungen während der 

Schwarzschieferablagerung hin. Hohe Gehalte von organisch gebundenem Schwefel 

zeigen, dass das organische Material - zusätzlich zur Fixierung des Sulfids mit Eisen 

- als bedeutende Schwefel-Senke während der frühen Diagenese wirkte. 

Hochaufgelöste Profile von Haupt- und Spurenelementen wurden für die 

Schwarzschieferfolgen von ODP Leg 207 an den Bohrlokationen 1258 und 1260 

gewonnen. Verteilungsmuster von Spurenelement-Anreicherungen sowie Eisen- und 

Schwefelspezifikationen und stabile Schwefel-Isotopen-Daten wurden genutzt, um 

Änderungen der Redox-Bedingungen des Ablagerungsmilieus während OAE 2 

anzuzeigen. Die Existenz einer ausgedehnten Sauerstoff-Minimum-Zone (OMZ) wird 

durch äußerst niedrige Mn/Al-Verhältnisse dokumentiert. Erhöhte Fe/Al- und Co/Al-

Werte während des Cenoman/Turon  zeigen euxinische Bedingungen an, erfordern 

aber zur gleichen Zeit das Vorhandensein einer Zone, in der reduzierende, jedoch 

nicht sulfidische Bedingungen herrschen, um eine reduktive Mobilisierung von Fe 

and Co in sauerstoffarmen, küstennahen Sedimenten zu ermöglichen. Hohe 

Verhältnisse von reaktivem Eisen zu Gesamteisen zeigen Pyrit-Bildung sowohl in der 

Wassersäule als auch innerhalb des Sedimentes an, wodurch zumindest zeitweise 

das Vorhandensein von freiem gelöstem Sulfid in der Wassersäule bestätigt wird. 

Diese Ergebnisse stimmen mit organisch-geochemischen Untersuchungen überein. 

Äußerst hohe Konzentrationen von Derivaten von Isorenieraten und Chlorobacten, 

fossile Pigmente Grüner Schwefel-Bakterien, zeigen an, dass während OAE 2 

zumindest gelegentlich euxinische Bedingungen in der photischen Zone herrschten. 



Kurzfassung 

VI 
 

Obwohl die C/T-Schwarzschiefer des Demerara Rise deutlich an redoxsensitiven und 

Sulfide bildenden Spurenmetallen angereichert sind, ist während des OAE 2 ein 

Rückgang der Anreicherung von aus dem Meerwasser stammenden Elementen, wie 

Mo, V und Zn, sichtbar. Da suboxische oder sogar euxinische Paläo-

Umweltbedingungen signifikante Spurenmetall-Senken darstellen, hat die 

Ausdehnung euxinischer Ablagerungsgebiete mit dem globalen Einsetzen der 

Ablagerung von Schwarzschiefern während OAE 2 höchstwahrscheinlich zu einer 

Absenkung des Metall-Vorrats im Meerwasser geführt. Metall/TOC Verhältnisse in 

Sedimenten des OAE 2 sind viel niedriger als in Sedimenten, die zuvor oder danach 

abgelagert wurden und deren Werte anderer C/T-Schwarzschiefer ähneln. Dies weist 

auf eine Entkopplung von Spurenmetall-Anreicherung und TOC-Ablagerung aufgrund 

verringerter Metall-Konzentrationen im Meerwasser hin.  

Auch heute andauernde Diagenese in Kreide-Schwarzschiefern des Demerara Rise 

wird durch Porenwasserdaten angezeigt. Barium Anreicherungen in Sedimenten 

oberhalb der Schwarzschieferlagen zeigen eine frühere diagenetische Mobilisierung 

von Baryt aus tieferen Sedimentschichten. Ein Reaktions-Transport-Modell wurde 

verwendet, um die langzeitige Entwicklung des anaeroben Abbaus des organischen 

Materials in den Kreide-Schwarzschiefern des Demerara Rise abzuleiten, basierend 

auf heutigen Porenwasser- und authigenen Baryt-Profilen. 

 

Hochaufgelöste Untersuchungen der Haupt- und Spurenelemente wurden an der 

Cenoman-Turon-Sedimentationsabfolge von Wunstorf durchgeführt. Sieben 

Schwarzschiefer-Pakete mit jeweils mehreren einzelnen Schwarzschiefer-Lagen 

wurden anhand der TOC-Werte definiert. Verteilungsmuster von Schwefel, Eisen und 

redoxsensitiven und Sulfide bildenden Spurenmetallen zeigen suboxische bis 

anoxische Bedingungen an der Sediment-Wasser-Grenzschicht. Da Schwankungen 

in den Element/Al-Verhältnissen den von Voigt et al. (2008) ermittelten zyklischen 

Mustern folgen, werden klimatisch induzierte Veränderungen im Sedimenteintrag 

postuliert. Verringerte vertikale Durchmischung führte zu einer Stabilisierung der 

Wassersäulenschichtung, wodurch die Ablagerung von Schwarzschiefern verursacht 

wurde. 
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1. Introduction 

Motivation 

Extreme changes in Earth’s climate and massive perturbations of the global carbon 

cycle, so-called Oceanic Anoxic Events, are recognized in the mid Cretaceous (~124 

- 90 Ma). They represent short-lived episodes of organic carbon burial that are 

distinguished by their widespread distribution as discrete black beds and are 

characterized by pronounced carbon isotopic excursions. Despite decades of 

research, the underlying causes and effects of these critical events in earth history 

are still under debate. 

 

 

Figure 1.1 Major tectonic events, sea level changes and geochemical signatures in the 
mid-Cretaceous (modified from Erba, 2004, and Leckie et al., 2002). 

 

Figure 1.1 summarizes the major tectonic, sea level and geochemical records during 

the mid-Cretaceous that contributed to global greenhouse conditions. During this time 

interval the tectonic and volcanic activity was enhanced. Several large submarine 

and subaerial igneous events occurred (Fig. 1.1A; Larson, 1991a, 1991b). An 

increased ocean crust production rate is constrained by less radiogenic strontium 
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isotopic data (Fig. 1.1B; Bralower et al., 1997; Jones and Jenkyns, 2001). 87Sr/86Sr 

ratios in seawater decreased during submarine volcanic events, and increased during 

times of enhanced continental weathering. The excess of volcanogenic exhalations in 

the atmosphere was promoting the Greenhouse mode (e.g. Bice and Norris, 2002). 

Accelerated continental weathering and river run-off increased the nutrient supply to 

the ocean. In the same way submarine igneous events are thought to enhance ocean 

paleoproductivity by introducing bio-limiting metals (Snow et al., 2005) and led to 

higher sea level (Fig. 1.1C; Haq et al., 1988) causing continental flooding and 

formation of shallow shelf seas.  

The oxygen isotopic data (Fig. 1.1D) suggest that globally averaged sea surface 

temperatures in the mid-Cretaceous were more than 10°C higher than today (Norris 

et al., 2002). Ocean circulation was probably driven in part by the sinking of warm, 

saline waters from shelves to deep ocean basins in subtropical regions during the 

mid-Cretaceous (Hay et al., 2006). Ocean circulation model experiments show that 

high-latitude sources of deep water, particularly in the Northern Hemisphere, 

diminished and thus subtropical convection was restricted to isolated basins (Poulsen 

et al., 2001).  

Temporal variations in δ13C values of carbonates and organic matter document 

changes in the global carbon cycle (Fig. 1.1E). Positive shifts indicate burial of large 

amounts of organic carbon, which is depleted in 13C. The remaining C-source is 

therefore isotopically heavier and marine carbonates show elevated δ13C values 

(Arthur et al., 1985, 1988; Schlanger et al., 1987; Hayes et al., 1989). 

Mid-Cretaceous sediments rich in organic carbon, so-called black shales, were 

synchronously deposited globally - not only in shallow seas, but also in deep ocean 

basins. The time intervals of black shale deposition are called Oceanic Anoxic Events 

(OAEs; Schlanger and Jenkyns, 1976; Jenkyns, 1980). OAEs are hypothesized to 

have played a major role in the evolution of Earth's climatic and biotic history. The 

mechanisms causing the extensive burial of TOC-rich sediments are still under 

debate. Studying OAEs and their formation mechanism should lead to a deeper 

understanding of the global carbon budget and the climatic conditions in an extreme 

greenhouse situation. Geochemical studies of black shale successions will provide 

important information on the causes and consequences of enhanced organic matter 

burial. 
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OAE 2 and geological settings investigated 

OAE 2 occurred at the Cenomanian-Turonian transition, about 93.5 Ma ago, and is 

also known as the Cenomanian-Turonian Boundary Event (CTBE). It forms a short-

termed, global and synchronous phenomenon.  

During the OAE 2 the flood basalt province of the Carribean Plateau was built, and 

both sea level (ca 250 m higher than present; Haq et al. 1987) and temperature were 

extremely high (sea surface temperature for equatorial Atlantic ocean ~35 - 36 °C at 

the onset of OAE 2 in comparison to ~27 - 29 °C for today; Forster et al., 2007). The 

δ13C values show a pronounced positive shift in marine carbonate and marine and 

terrestrial organic matter (Schlanger and Jenkyns, 1976; Tsikos et al., 2004). As 

such, OAE 2 constitutes an ideal candidate for detailed investigations of the changing 

environmental conditions responsible for the establishment of widespread marine 

anoxia during the mid-Cretaceous. Suboxic, anoxic or even euxinic conditions 

developed in oxygen minimum zones along continental margins of the tropical 

Tethys, in restricted epicontinental seas, and in the widening North and South 

Atlantic Ocean basins. These conditions led to deposition of rhythmically bedded 

sedimentary sequences including organic-rich black shale (Leckie et al., 2002). 

Although OAE 2 is thought to be a global event as concluded from positive carbon 

isotopic excursions, organic carbon burial differs in its geographic expression. For 

example, the Eastbourne (United Kingdom) sediment succession, which serves as a 

reference section, is an extensive limestone (Tsikos et al., 2004). The name 

“Cretaceous” (145 - 65 million years ago) is derived from the Latin word for chalk 

("creta") and was first applied to these deposits forming the white cliffs along the 

English Channel between Great Britain and France. Another type locality is situated 

in the Marche–Umbrian Apennines of central Italy. Here OAE 2 is called the Bonarelli 

Event after the Livello Bonarelli (Tsikos et al., 2004), the characteristic discrete black 

shale level within the calcareous sequence. 
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Figure 1.2 Plate tectonic reconstruction of the Late Cretaceous (from 
http://www.scotese.com/cretaceo.htm) with the study sites (1) Demerara Rise and (2) 
Wunstorf. 

 

This study presents inorganic geochemical data from two OAE 2 successions located 

in different paleogeographic settings, resulting in different lithological expressions 

regarding black shale deposition. 

 

Demerara Rise 

During Ocean Drilling Program (ODP) Leg 207, an expanded succession of shallow- 

buried Cretaceous sediments was recovered from Demerara Rise off Suriname, 

South America (Fig. 1.2). CTBE black shales on Demerara Rise form part of a thick 

black shale interval (thickness up to 90 m) encompassing the Albian to Santonian 

(Erbacher et al., 2004). This may be the result of both the paleogeographic setting of 

Demerara Rise, lacking significant ventilation of bottom-waters prior to the opening of 

the equatorial Atlantic gateway (Friedrich and Erbacher, 2006), and/or enhanced 

nutrient influx evoked by terrestrial runoff and/or upwelling. The OAE 2 sedimentary 

successions studied here exhibit 1.4 m and 4 m in thickness, based on distinctive 

positive carbon isotope excursions of ~6.5‰ (Erbacher et al., 2005). 
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Wunstorf 

At Wunstorf (northern Germany) a continuous core of 76 m comprising middle 

Cenomanian to middle Turonian sediments was drilled in 2006. The Wunstorf area 

represents the basinal part of an intra-shelf basin that was formed during the 

Cenomanian transgression as a part of the extended epicontinental shelf (Figure 

1.2). The CTBE is represented by a 26.5 m thick sedimentary succession consisting 

of rhythmically bedded laminated black shales, dark organic-rich marls and marly 

limestones (Erbacher et al., 2007). A high-resolution carbonate δ13C curve resolves 

all known features of the positive δ13C anomaly of OAE 2 with high accuracy (Voigt et 

al, 2008). 

OM burial and geochemical characteristics 

Organic matter (OM) burial is mainly controlled by three factors: organic matter 

production, microbial decomposition, and bulk sedimentation rate or dilution 

(Sageman et al., 2003). As shown in Figure 1.3 these factors are influenced by 

several processes interfering with each other, e.g. enhanced production may 

enhance biogenous skeletal material flux and thus dilution of the detrital component. 

 

 
Figure 1.3 Factors controlling organic matter (OM) burial (modified from Sageman et al., 
2003). 
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One important factor is the rate at which OM is remineralized both in the water 

column and sediments. This strongly depends on the dominant biogeochemical 

regime. Oxic respiration is the favored way of decomposition as it gains the highest 

energy yield for the microbes. Following the order of energy yield there is an 

idealized sequence of OM decomposition pathways as listed in Table 1.1. 

 

Table1.1 Pathways and stoichiometries of OM (CH2O) decomposition in the order of 
decreasing energy yields (modified from Jørgensen, 2006). 

  

Oxic respiration CH2O + O2  CO2 + H2O 

Denitrification 5 CH2O + 4 NO3
-  2N2 + 4HCO3

- + CO2 + 3H2O 
Mn(IV) reduction CH2O + 3CO2 + H2O + 2MnO2  2Mn2+ + 4HCO3

- 
Fe(III) reduction CH2O + 7CO2 + 4 Fe(OH)3  4Fe2+ + 8HCO3

- + 3H2O 
Sulfate reduction 2CH2O + SO4

2-  H2S + 2HCO3
-

 4H2 + SO4
2- + H+  HS- + 4H2O

 CH3COO- + SO4
2- + 2H+  2CO2 + HS- + 2H2O 

Methane production 4H2 + HCO3
-+ H+  CH4 + 3H2O

 CH3COO- + H+  CH4 + CO2

Acetogenesis 4H2 + 2CO3
2- + H+  CH3COO- + 4H2O

Fermentation CH3CH2OH + H2O  CH3COO- + 2H2 + H+ 
 CH3CH2COO- + 3H2O  CH3COO- + HCO3

- + 3H2 + H+ 
 

Following the availability of free oxygen for decomposition of OM different redox 

conditions are considered for depositional environments. Under oxic conditions OM is 

remineralized by oxic respiration. Suboxic, also called dysoxic, conditions prevail 

under oxygen deficiency where denitrification and Mn and Fe reduction occur. If no 

free oxygen is present conditions are called anoxic. Hydrogen sulfide is released 

during sulfate reduction, which forms iron sulfides, ultimately pyrite, with Fe2+ formed 

during reduction of Fe (hydr)oxides. If sulfate reduction rates are high and sulfide-

reactive metals are less available, free hydrogen sulfide may be present in the pore 

water and/or the water column. These conditions are called euxinic or sulfidic. 

For formation of ancient TOC-rich sediments, two major mechanisms are discussed: 

high flux of organic matter to the seafloor due to increased primary productivity 

(Pedersen and Calvert, 1990; Wilson and Norris, 2001) and/or enhanced 

preservation of organic matter (Brumsack, 1980; Bralower and Thierstein, 1984; 
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Herbin et al., 1986; Erbacher et al., 2001) due to oxygen depletion in the water 

column and/or high sedimentation rates. 

Modern analogues of such organic-rich sediments are deposited below areas of high 

primary productivity that are found in coastal upwelling areas at continental margins. 

Sediments underlying an anoxic to euxinic water column are found in the modern 

oceans only in restricted basins like the Black Sea (Brumsack, 2006, and references 

therein). Figure 1.4 summarized the geochemical water column characteristics and 

chemical processes for these two environments. In a coastal upwelling area primary 

productivity is enhanced due to upwelling of nutrient-rich intermediate water. During 

decomposition of the organic material oxygen is consumed and an oxygen minimum 

zone (OMZ) is formed. Within the OMZ, suboxic conditions lead to reduction of Mn 

(hydr)oxides and dissolved Mn2+ can convey into the open ocean. In restricted anoxic 

basins the situation is different. Due to stagnation no oxygen-rich water can flush 

deeper parts of the water column. Even low productivity may lead to anoxic 

conditions in deep water masses. Due to Mn cycling at the redox boundary and 

restriction of the anoxic basins Mn is trapped and accumulated. Trace metals (TM) 

are transported to the basin by seawater and fluvial input. If these metals are forming 

stable sulfides they are trapped in the H2S-bearing water column.  

 

 

Figure 1.4 Chemical processes and geochemical water column characteristics of (A) 
coastal upwelling areas and (B) restricted anoxic basins (modified from Brumsack, 2006). 
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Under severe oxygen-depleted conditions, several redox-sensitive or sulfide-forming 

elements are enriched within the sediments. From studying modern analogues of 

TOC-rich sediments it seems evident that several TMs are very sensitive to changes 

in redox conditions. Thus, depletions or enrichments of certain TMs are characteristic 

for depositional environments and may document specific redox conditions 

(Brumsack, 2006; Tribovillard et al., 2006). Therefore, the distribution patterns of 

diagnostic metals in black shales like those deposited during OAE 2 may help to 

reconstruct paleoenvironmental conditions. 

Objectives and Outline of the author’s contribution 

In this thesis major and minor element data are used to address the following goals: 

• provenance of terrigenous detritus 

• paleoenvironmental/paleoceanographic reconstruction based on high-

resolution accumulation patterns of specific TMs (degree of anoxia, 

bioproductivity) 

• evaluation of the importance of black shale deposition for global TM cycles 

and consideration of the origin of metal enrichments 

• post-depositional element migration. 

 

The thesis comprises six manuscripts already published or submitted for publication 

in international journals as individual chapters, with individual reference section each. 

My contribution to each of the manuscripts is detailed below. Publications are or will 

be published under my maiden name Almut Hetzel. 

 

Chapter 2: Inorganic geochemical characterization of lithologic units recovered during 

ODP Leg 207 (Demerara Rise) 
Almut Hetzel, Hans-Jürgen Brumsack, Bernhard Schnetger, Michael E. Böttcher 
 
For geochemical characterization squeeze cakes (pore water squeezing residues) 

sampled during the cruise by Hans-Jürgen Brumsack and the Shipboard Scientific 

Party of ODP Leg 207 from Sites 1257 to 1261 on Demerara Rise were analyzed by 

XRF and standard bulk parameter techniques (C, S). Squeezed cakes from Site 1258 

were additionally analyzed by ICP-AES and HR-ICP-MS. All sediment data presented 

in the manuscript were analyzed by me, supported by Bernhard Schnetger for 

method evaluation. The concept of the manuscript and interpretation of the results 
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were developed by me. As first-author I also did the writing and editorial handling of 

the publication, supported by suggestions from Michael E. Böttcher and Hans-Jürgen 

Brumsack. 

This chapter was published 2006 in Proceedings of the Ocean Drilling Program, 

Scientific Results, 207. Mosher, D.C., Erbacher, J., Malone, M.J. (Eds.), College 

Station, TX (Ocean Drilling Program), 1-37. 

 

Chapter 3: Sulfur-iron-carbon geochemistry in sediments of the Demerara Rise 
Michael E. Böttcher, Almut Hetzel, Hans-Jürgen Brumsack, Andrea Schipper 
 
In this study Fe-species, S-species as well as total organic carbon (TOC) and total 

inorganic carbon from Cretaceous black shales of Demerara Rise are presented 

giving information about the redox state both in the water column and the sediment. 

Bulk element concentrations (FeT, ST, TOC and TIC) were contributed by me. I also 

participated in the interpretation of the results. 

This chapter was published 2006 in Proceedings of the Ocean Drilling Program, 

Scientific Results, 207. Mosher, D.C., Erbacher, J., Malone, M.J. (Eds.), College 

Station, TX (Ocean Drilling Program), 1-23. 

 

Chapter 4: Paleo-redox conditions during OAE 2 reflected in Demerara Rise 

sediment geochemistry (ODP Leg 207) 
Almut Hetzel, Michael E. Böttcher, Ulrich G. Wortmann, Hans-Jürgen Brumsack 
 
To address the high-resolution paleoenvironmental/paleoceanographic 

reconstruction of Demerara Rise during the late Cretaceous by accumulation patterns 

of specific trace metals, extended sequences of Cretaceous black shales (in 

particular OAE 2) were sampled from Site 1258 and Site 1260. Samples were taken 

by me at the ODP Core Repository in Bremen. Bulk parameters and major/trace 

elements were determined by me, supported by lab assistants. Fe-species, S-

species and S-isotope data were elaborated by Michael E. Böttcher, O-isotope data 

by Ulrich G. Wortmann. As first-author, I developed the concept of the publication 

and wrote all sections on major and trace elements. Regarding Fe-C-S and isotope 

data the interpretation of the results and writing was done by me and Michael E. 

Böttcher, supported by comments from Hans-Jürgen Brumsack. 

This chapter was published 2009 in Palaeogeography, Palaeoceanography, 

Palaeoecology 273(3-4), 302-328. 
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Chapter 5: Reconstruction of water column anoxia in the equatorial Atlantic during 

the Cenomanian-Turonian oceanic anoxic event using biomarker and trace metal 

proxies 
Elisabeth van Bentum, Almut Hetzel, Hans-J. Brumsack, Astrid Forster, Gert-Jan Reichart, Jaap S. 
Sinninghe Damsté 
 
The depositional environment during OAE 2 at Demerara Rise is addressed by this 

publication using biomarkers as well as TM distribution. Samples were taken by 

Astrid Forster and me. I was responsible for XRF measurements carried out at the 

ICBM and the TM data evaluation. I further supported Elisabeth van Bentum in 

interpreting inorganic geochemical data and in writing of the manuscript. 

This chapter has been re-submitted to Palaeogeography, Palaeoceanography, 

Palaeoecology. 

 

Chapter 6: Evolution of organic matter degradation in Cretaceous black shales 

inferred from authigenic barite: A reaction-transport model 
Sandra Arndt, Almut Hetzel, Hans-Jürgen Brumsack 
 
A reaction-transport model was used to infer the long-term evolution of anaerobic 

organic matter degradation in Cretaceous black shales of Demerara Rise based on 

present-day porewater and authigenic barite profiles. TOC values as well as Ba 

excess data were contributed by me, as well as comments during writing by Sandra 

Arndt.  

This chapter was published 2009 in Geochimica et Cosmochimica Acta 73(7), 2000-

2022. 

 

Chapter 7: Geochemical environment of Cenomanian – Turonian black shale 

deposition at Wunstorf (northern Germany) – a new reference section for Oceanic 

Anoxic Event 2 
Almut Hetzel, Hans-Jürgen Brumsack 
 
High-resolution major and minor element data were generated to provide information 

on the depositional environment causing black shale deposition at the Wunstorf 

Cenomanian-Turonian succession. The concept of the study was established by me 

and I also did the sampling. Bulk parameters and major/trace elements were 

determined by me supported by lab assistants. All data were evaluated and 
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interpreted by me. The concept of the publication was developed by me. I also wrote 

the manuscript, supported by suggestions from Hans-Jürgen Brumsack, and I am 

responsible for editorial handling. 

This chapter has been submitted for publication to Cretaceous Research. 
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2. Inorganic geochemical characterization of lithologic units 
recovered during ODP Leg 207 (Demerara Rise). 

 

Almut Hetzel, Hans-Jürgen Brumsack, Bernhard Schnetger, Michael E. Böttcher  

 
This chapter was published 2006 in Proceedings of the Ocean Drilling Program, Scientific Results, 

207. Mosher, D.C., Erbacher, J., Malone, M.J. (Eds.), College Station, TX (Ocean Drilling Program), 1-

37. 

 

Abstract 

The Cretaceous and Paleogene sediments recovered during Ocean Drilling Program 

(ODP) Leg 207 can be divided into three broad modes of deposition: synrift clastics 

(lithologic Unit V), organic matter-rich, laminated black shales (Unit IV), and open-

marine chalk and calcareous claystones (Units III to I). The aim of this study is to 

provide a quantitative geochemical characterization of sediments representing these 

five lithologic units. For this work we used the residues (squeeze cakes) obtained 

from pore water sampling. Samples were analyzed for bulk parameters (total 

inorganic carbon, total organic carbon, and S) and by X-ray fluorescence for major 

(Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, and P) and selected minor (As, Ba, Co, Cr, Cu, 

Mo, Ni, Pb, Rb, Sr, U, V, Y, Zn, and Zr) elements. Inductively coupled plasma-mass 

spectrometry analyses for rare earth elements (REEs) were performed on acid 

digestions of the squeeze cake samples from Site 1258. 

The major element composition is governed by the mixture of a terrigenous detrital 

component of roughly “average shale” composition with biogenous carbonate and 

silica. The composition of the terrigenous detritus is close to average shale in Units 

II–IV. For Unit I, a more weathered terrigenous source is suggested. Carbonate 

contents reach >60wt% on average in chalks and calcareous claystones of Units II-

IV. The SiO2 contribution in excess of the normal terrigenous-detrital background 

indicates the presence of biogenous silica, with highest amounts in Units II and III. 

The contents of coarse-grained material (quartz) are enhanced in Unit V, where Ti 

and Zr contents are also high. This indicates a high-energy depositional environment. 

REE patterns are generally similar to average shale. A more pronounced negative Ce 

anomaly in Unit IV may indicate low-oxygen conditions in the water column. The 
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Cretaceous black shales of Unit IV are clearly enriched in redox-sensitive and stable-

sulfide forming elements (Mo, V, Zn, and As). High phosphate contents point toward 

enhanced nutrient supply and high bioproductivity. Ba/Al ratios are rather high 

throughout Unit IV despite the absence of sulfate in the pore waters. This indicates 

elevated primary production. Manganese contents are extremely low for most of the 

interval studied. Such an Mn depletion is only possible in an environment where Mn 

was mobilized and transported into an expanded oxygen-minimum-zone (“open 

system”). The sulfur contents show a complete sulfidation of the reactive iron of Unit 

IV and a significant excess of sulfur relative to that of iron that indicates that part of 

the sulfur was incorporated into organic matter. We suppose extreme 

paleoenvironmental conditions during black shale deposition: high bioproductivity like 

in recent coastal upwelling settings together with severe oxygen depletion if not 

presence of hydrogen sulfide in the water column. 
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Introduction 

During Ocean Drilling Program (ODP) Leg 207 expanded, shallowly buried 

Cretaceous and Paleogene sediments from Demerara Rise off Suriname, South 

America, were recovered. This period of the Earth's history involved episodes of 

ocean anoxia, rapid climate change, mass extinction, and opening of the Equatorial 

Atlantic Gateway. Therefore, the Demerara Rise provides ideal conditions for long-

term paleoceanographic studies of the tropical Atlantic (Erbacher, Mosher, Malone, et 

al., 2004). 

Our approach is to use bulk sediment geochemical data to analyze the sedimentation 

history of Demerara Rise. Major element composition provides insight into the 

relative proportions of major components in marine sediment: terrigenous detritus, 

biogenous material, and diagenetic products. Elements and element ratios related to 

terrigenous material further also help to identify provenance characteristics and thus 

changes in climate and/or sediment supply. Cross-correlation analysis of elements 

gives information about different mineral phases suggesting different depositional 

environmental features. Changes in paleoproductivity are mirrored by elements 

related to biogenous processes, and the oxygenation state of the water column may 

be deduced from the abundance of redox-sensitive elements. Beside these 

paleoceanographic studies, element distribution patterns in pore waters reveal 

information about post-depositional and on-going diagenesis in the sediment. Study 

of the whole sediment column can therefore help to locate the depth of past and still-

active biogeochemical processes. 

The aim of this study is to provide a quantitative geochemical characterization of 

sediments representing the five lithologic units encountered during ODP Leg 207. For 

this work we used the cakes obtained from pore water squeezing. The advantage of 

this material is its suitability for later chemical analysis in on-shore laboratories. 

Another advantage is its lower content of pore water. Because the effects of 

precipitated dissolved seawater salts are reduced no otherwise essential salt 

correction is applied. We will show that the material is useful for providing a first 

overview of the lithologic units by applying standard geochemical analytical methods. 
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Material and Methods 

Site description 

During ODP Leg 207 sediments were recovered from five Sites (1257-1261) on 

Demerara Rise, located at ~9°N in the western tropical Atlantic (Figure 2.1). The rise 

stretches ~380 km along the coast of Suriname and reaches a width of ~220 km from 

the shelf break to the northeastern escarpment, where water depths increase sharply 

from 1000 to  >4500 m. Whereas most of the plateau lies in shallow water (700 m), 

the northwestern margin forms a gentle ramp reaching water depths of 3000 to 4000 

m. Nearly uniform, shallowly buried sections of Cretaceous and Paleogene age were 

drilled with good stratigraphic control. The five drill sites (Sites 1257-1261) constitute 

a depth transect with water depths ranging from 1900 to 3200 m. The sediments 

recovered can be divided into three broad styles of deposition: synrift clastics 

(lithologic Unit V), organic matter-rich, laminated black shales (Unit IV), and open -

marine chalk and calcareous claystones (Units III to I) (Erbacher, Mosher, Malone, et 

al., 2004). 

 

 

Figure 2.1 Demerara Rise (Online Map Creation www.aquarius.geomar.de). 
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On-board interstitial waters from 152 samples from Sites 1257-1261 and covering a 

depth range from the sediment/seawater interface to 648 mcd (meters composite 

depth) were collected and processed using standard ODP methods. Interstitial water 

samples were squeezed from sediment samples immediately after retrieval of the 

cores using titanium squeezers, modified after the standard ODP stainless steel 

squeezer (Manheim and Sayles, 1974). On-board splits of all squeeze cakes (pore 

water squeezing residues) were taken, freeze-dried, and stored in poly-ethylene 

bags. In the home laboratory the squeeze cake samples were ground and 

homogenized in an agate ball mill. The powdered samples were used for all 

subsequent geochemical analyses. The classification of lithologic units follows the 

scheme given by Erbacher, Mosher, Malone, et al. (2004). 

Carbon and Sulfur 

Total sulfur (TS) and total carbon (TC) were analyzed using a LECO SC-444 infrared 

analyzer. Total inorganic carbon (TIC) was determined coulometrically using a UIC 

CM 5012 CO2 coulometer coupled to a CM 5130 acidification module. Total organic 

carbon (TOC) was calculated as the difference between TC and TIC. For detailed 

information on precision and accuracy of the methods applied see Prakash Babu et 

al. (1999). 

Major and Trace Elements 

For X-ray fluorescence (XRF) analysis, 600 mg of sample was mixed with 3600 mg of 

a 1:1 mixture of dilithiumtetraborate (Li2B2O7) and lithiummetaborate (LiBO2), 

preoxidized at 500°C with NH4NO3 and fused into glass-beads. The glass-beads 

were analyzed by XRF (Philips PW 2400) calibrated with 29 carefully selected 

geostandards. Analytical precision was better than 2% for major elements (Si, Ti, Al, 

Fe, Mn, Mg, Ca, Na, K, and P) and 6% for minor elements (As, Ba, Co, Cr, Cu, Mo, 

Ni, Rb, Sr, V, Y, Zn, and Zr), except for Pb and U (6%-10%). 

Rare Earth Elements (REEs) 

Samples from Site 1258 were also analyzed by inductively coupled-plasma mass 

spectrometry (ICP-MS). For acid digestion 50 mg of sample was pre-oxidized with 

1mL HNO3 (65%) in polytetrafluoroethylene (PTFE) vessels overnight and heated 

with 3 mL HF (40%) and 3 mL HClO4 (70%) in closed PTFE autoclaves (PDS-6) for 6 

h rat 180°C. The acids were then evaporated on hot plates at 180°C to incipient 

dryness. Afterwards, 3 mL 6-N HCl aliquots were added and evaporated at 180°C. 
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This step was repeated three times. The wet precipitate was dissolved in 1 mL HNO3 

(65%), diluted to ~10 mL and simmered at 60°C for 1 hr. The acid digestions were 

brought up to 50 mL final volume with deionized water. Only acids purified by sub-

boiling distillation (HNO3, HCl, and HClO4) or of Suprapure (HF) quality were used. 

REE analyses were carried out using an Element (Finnigan MAT, Germany) HR-ICP-

MS. Analytical precision as checked by multiple analysis of international reference 

materials (see Appendix A2.1) is better than 7%. 

Results and Discussion 

In a very simplistic way, Demerara Rise sediments consist of variable mixtures of 

terrigenous detritus (represented by Al2O3 and SiO2) and biogenous material 

(represented by CaO and SiO2). To compare the relative proportions of the major 

components, the relative proportions of CaO (mostly carbonate), SiO2 (quartz/opal 

and alumosilicates), and Al2O3 (alumosilicates) are plotted in a triangle diagram 

(Figure 2.2) (Brumsack, 1989). For comparison, average shale (AS, Wedepohl, 

1971), K-feldspar, and kaolinite are also plotted. 

Sediments of Unit I (Fig. 2.2A) plot on a straight mixing line between carbonate and a 

clay component richer in Al than AS. This suggests that more intensely weathered 

clays (possibly a higher kaolinite proportion) are characteristic for Unit I sediments. 

Unit I samples show no additional enrichment in SiO2, ruling out that significant 

amounts of biogenic silica are present. Given the present lack of quantitative mineral 

data, the presence of biogenic silica could be obscured if a higher proportion of 

kaolinite were present. Most sediments of Units II to IV (Fig. 2.2B) plot on a mixing 

line of AS and carbonate but show varying contents of biogenic silica. Unit II 

sediments are particularly rich in carbonate, whereas Unit III samples are generally 

lower in carbonate. The shift towards the SiO2 edge indicate higher excess silica 

contents. Samples of Unit V (Fig. 2.2C) show a rather variable distribution. Excess 

silica contents are high in samples with low carbonate contents. This excess silica 

reflects the abundance of coarse-grained, quartz-rich sand in Unit V rather than to 

biogenous silica that typifies Units II to IV.  
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Figure 2.2 Major components of sediments from Demerara Rise in the system Al2O3•5 – 
SiO2 - CaO•2 (relative weight ratios). Data point for average shale (AS; Wedepohl, 1971) 
also shown for comparison. A. Unit I. B. Unit II-IV. C. Unit V. 

 

In Figure 2.3 we present an overview of the changing proportion of major 

components of all lithologic units. The proportion of major components is calculated 

as follows: 

carbonate contents are calculated from ∑CO2 (TIC), assuming all TIC is present as 

pure CaCO3. Excess SiO2
 (biogenous opal and/or quartz) is estimated by subtracting 

the amount of SiO2 present in alumosilicates from total SiO2. We assume that the 

minimum SiO2/Al2O3 ratio of each individual unit serves as terrigenous background, 

unless only SiO2/Al2O3 ratios higher than AS are encountered. In this case the 

SiO2/Al2O3 ratio of AS serves as the background value for calculating SiO2xs. Organic 

matter (OM) contents are calculated by multiplying TOC by a factor of 1.34, a value 

given by Tissot and Welte (1984) for type II kerogen. Based on the Fe-to-S 

stoichiometry of pyrite, its contents can either be calculated from TS values assuming 

all TS is present as pyrite, or from Fe assuming all Fe is present as pyrite. Because 

the latter is unlikely, pyrite contents based on TS values are used unless they 

overnumbered the pyrite content based on Fe. In this case the excess sulfur fraction 

represents the “non pyritic S” component. The fraction we term “terrigenous detritus” 
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equals the difference between 100 wt% and the sum of major components calculated 

above (see also Table 2.1). Comparing our assumed “terrigenous detritus” with the 

sum of terrigenous elements analyzed exhibits a very good correlation (R2 = 0.997) 

(Fig. 2.4). 

 

 

Figure 2.3 Proportion of major components of lithologic Units I-V. 

 

Table 2.1 Calculation of proportions of major components presented in Figure 2.3. 

carbonate [%] = TIC [%] • 8.3331 

SiO2xs [%] = SiO2 [%] - Al2O3 [%] • (SiO2/Al2O3)min/Unit 

OM [%] = TOC [%] • 1.34 

pyrite [%] = min (pyriteFe [%]; pyriteTS [%]) 

if pyriteFe [%] < pyriteTS [%]    

‘non pyritic‘ S [%] = TS [%] - Spyrite [%] 

terrigenous detritus [%] = 100% - ∑(carbonate; SiO2xs; OM; pyrite; ‘non pyritic‘ S) 
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Figure 2.4 Correlation of two calculation methods for terrigenous detritus: (1) See Table 
2.1 (2) Sum of measured concentrations. 

 

Sediments from Demerara Rise are dominated either by carbonate or terrigenous 

detritus (Fig. 2.3). For Unit I the terrigenous detritus forms the major component (>58 

wt%). The average carbonate content is 37.0 wt%. The SiO2xs content (4.0 wt%) is 

the lowest found in any lithologic unit. Concentrations of OM and pyrite are <0.3 wt% 

and non-pyritic sulfur is absent in Unit I. 

In Units II to III carbonate (nannofossils, foraminifers, and partly diagenetic calcite) 

forms the major component, with concentrations that average 67.7 wt% in Unit II and 

50.6 wt% in Unit III. SiO2xs contents (siliceous microfossils, radiolarians, and zeolites) 

are ~11 wt% in these sediments. According to low quantities of OM (<0.3 wt%), pyrite 

(<0.4 wt%) and non-pyritic sulfur (absent in Unit II, <0.1 wt% in Unit III), 20.1 wt% in 

Unit II and 38.1 wt% in Unit III of the sediment are terrigenous detritus. 

The laminated black shales of Unit IV (of Cenomanian to Santonian age) are 

characterized by high OM contents (mean value >12 wt%, up to 24.9 wt% for 

individual samples). The content of pyrite is comparably low (0.7 wt%) in comparison 

to the amount of non-pyritic sulfur (2.1 wt%). This indicates a significant Fe limitation 

during pyrite formation and the sulfidation of OM. Beside the dilution effect of these 

components, the relative proportions of carbonate (48.4 wt%), terrigenous detritus 

(29.2 wt%) and SiO2xs (7.3 wt%) are similar to those found in overlaying sediments of 

Unit III. 
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Like Unit I, Unit V is dominated by terrigenous detritus (57 wt%). The average 

carbonate concentrations (15.9 wt%) are the lowest found in lithologic units of 

Demerara Rise. In sediments of Unit V siliceous microfossils are rare. Their former 

presence is indicated by zeolites. However, high amounts of SiO2xs (21.9 wt%) are 

mostly due to quartz, which is in accordance with the presumed shallow synrift 

deposit (Erbacher, Mosher, Malone, et al., 2004) (see discussion below). OM and 

pyrite contents are each 1.6 wt%. Thus, the pyrite content is highest in Unit V, 

whereas non-pyritic sulfur is present in smaller quantities (1.3 wt%) than in Unit IV. 

 

The chemical index of alteration (CIA) (Taylor and McLennan, 1985) is a well-

established parameter for determining the degree of weathering. During the 

degradation of feldspars, Ca, Na ,and K are removed, and clay minerals with a higher 

fraction of Al are formed. The CIA is estimated from the proportion of Al2O3 vs. the 

weathering-prone oxides: 

CIA = [Al2O3 /(Al2O3 + CaO* + Na2O + K2O)]•100, 

where CaO* represents the amount of CaO incorporated in the silicate fraction. A 

correction for carbonate and apatite content is therefore necessary. Unaltered 

feldspars have a CIA of 50, whereas kaolinite has a value of 100 (total removal of 

alkali elements). We understand that CIA values in carbonate-rich sediments may 

lead to compromised results. The correction required for carbonate often leads to 

negative CaO* values due to the presence of additional carbonate phases like 

dolomite. In this case CaO* contents were assumed to be zero. This may lead to an 

overestimation of CIA values due to an underestimation of CaO*. 

As described above and shown in Figure 2.3 and Table 2.1, we assumed that the 

terrigenous detritus round off the major components we calculated from the chemical 

analyses to 100 wt%. When dividing the terrigenous detritus component of each 

sample by the Al2O3 content, a factor f is obtained, which represents the relative 

abundance of Al2O3 in this component. The reciprocal value of this factor 1/f (= WF, 

weathering factor) should be a parameter for the degree of weathering, comparable 

to the CIA, but based on a broader range of chemical compounds. 

In Figure 2.5 we compare WF with CIA values calculated for the lithologic units. 

Standard deviations (1σ) and results for AS (Wedepohl, 1971) are shown as well. 

Both parameters require a number of simplifications and assumptions and therefore 

bear uncertainties. The values of the CIA as well as WF spread within the different 
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lithologic units. The standard deviations (<13rel%) overlap for both parameters. Only 

qualitative interpretations of the mean values for each unit are possible. 

Nevertheless, the weak correlation between both parameters (R2 = 0.55) indicates 

that differences in weathering intensity did occur, since we can easily distinguish 

Units II to IV from Units I and V regarding their state of weathering. 

 

 

Figure 2.5 Comparison of values of weathering factor WF and chemical index of alteration 
(CIA) for Units I-V. 

 

For Units II, III, and IV, values for both parameters, CIA as well as WF, are 

essentially the same as for AS (CIA = 70-75) (Taylor and McLennan, 1985) and thus 

support our interpretation of Figure 2.2, where a terrigenous component similar in 

composition to average shale is assumed. 

The terrigenous material from Unit I is characterized by a CIA >80 indicating a high 

degree of weathering. Taylor and McLennan (1985) report CIA values between 80 

and 90 for the Amazon mud cone. This is confirmed by the WF. Deposition of 
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lithologic Unit I began in the middle Miocene (Erbacher, Mosher, Malone, et al., 

2004), which coincides with the initial uplift of the Andes. Resulting changes in 

provenance and/or drainage pathways (Potter, 1997) may have lead to different 

characteristics of the terrigenous detritus in Unit I, in agreement with our observations 

from Figure 2.2. 

In Unit V, where only one sample was encountered with CaO* contents >0 wt%, it is 

suggested that the CaO* content is underestimated and therefore the high CIA value 

is incorrect. WF indicates more intense weathering, but a clear conclusion cannot be 

drawn for such quartz-rich sediments. 

 

In Figure 2.6 the concentrations of TiO2 (Fig. 2.6A) and Zr (Fig. 2.6B) are plotted vs. 

Al2O3. To avoid simple dilution effects when cross-correlating element abundances, 

all samples were calculated on a “carbonate-free” basis. This calculation is based on 

the assumption that all TIC is present as pure CaCO3, which may lead to an 

underestimation for Ca and an overestimation for other carbonate-forming cations 

(mainly Mg and Sr, see discussion below). The resulting “carbonate-free” sediment 

still contains biogenous Si. 

Data points from Units I to IV plot on a line (R2 = 0.93 for TiO2 and R2 = 0.65 for Zr), 

indicating that TiO2 and Zr are more or less uniformly incorporated into the clay 

component of these units. The observation that the AS data plot above the 

correlation line supports our interpretation that the terrigenous detrital component in 

Units I to IV is enriched in Al, possibly due to more intense weathering. Samples from 

Unit V plot above this line and show a negative correlation with Al2O3 (R2 = 0.74 for 

TiO2 and R2 = 0.86 for Zr). We conclude that an additional TiO2 and Zr bearing 

component other than clay minerals must be present in Unit V, most likely heavy 

minerals in the coarser-grained sands. In Figure 2.6C and 2.6D the concentrations of 

TiO2 and Zr are plotted vs. SiO2xs (calculation as above but using carbonate-free 

data). Samples from Units I to IV again plot on a line (R2 = 0.53 for TiO2 and R2 = 

0.33 for Zr). The negative correlation shows that SiO2xs behaves independent of the 

terrigenous-detrital component and is generally higher in samples with lower clay 

content. The same is essentially true for SiO2xs and Zr. By contrast, for samples from 

Unit V a positive correlation is observed between SiO2xs and Zr (R2 = 0.86) or TiO2 

(R2 = 0.82). We assume that the SiO2xs from Units I to IV is derived from biogenous 

Si, which serves as a diluent for the terrigenous component in the carbonate-free 
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sediment, whereas TiO2 and Zr contents are higher in the quartz-rich sands of Unit V. 

Elevated quartz and heavy mineral abundances signify high-energy environments 

(Dellwig et al., 2000), supporting the idea that Unit V sediments are of synrift origin as 

stated by Erbacher, Mosher, Malone, et al. (2004). 

 

 

Figure 2.6 Scatter plots for heavy mineral indicating elements vs. major components. 
Samples are calculated “carbonate-free”. A. TiO2 vs. Al2O3. B. Zr vs. Al2O3. C. TiO2 vs. 
SiO2xs. D. Zr vs. SiO2xs. 
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The REEs are regarded as being almost insoluble and are present in only very low 

concentrations in seawater and river water (McLennan, 1989). Thus, the REEs 

present in sediments are mainly transported as particulate matter. Because the 

effects of diagenesis are minor, REEs reflect the chemistry of their source areas and 

can be used for provenance studies. Sedimentary sorting can affect the 

concentrations of REE: clays show higher abundances than do coarser-grained 

sediments. The relative composition of REEs are generally similar for sandstones 

and shales. Quartz has only a diluting effect. The presence of heavy minerals may 

have an effect on the REE composition of an individual sample; however, a large 

heavy mineral contribution would be required to significantly change distribution 

patterns. The REE compositions of biogenous carbonates and chemical sediments in 

general reflect the REE composition of the surrounding seawater (McLennan, 1989). 

But again, high quantities are necessary to cause changes in the REE character of 

the sediment relative to the primary detrital flux. The REEs have generally similar 

chemical and physical properties. This arises from the fact that they all form stable 3+ 

ions of similar size. A small number of the REEs also exist in oxidation states other 

than 3+, but the only ions of geological importance are Ce4+ and Eu2+. Changes in 

redox-conditions can therefore affect the chemistry and thus the solubility of these 

two elements and lead to enrichments or defiencies relative to other REEs. In a 

normalized REE-distribution pattern a positive or negative ‘anomaly’ would result. 

The average REE distribution patterns for the individual units are shown in Figure 

2.7. To avoid dilution due to high carbonate contents, element/Al ratios are used. 

Elemental ratios are normalized to element/Al ratios of upper continental crust (UCC 

from Taylor and McLennan, 1985). Values between 1 and 2 for sediments of Units I–

IV indicate a weak REE enrichment, whereas sediments of Unit V show a small 

depletion in REEs (values between 0.7 and 1). A slightly more pronounced negative 

Ce anomaly is seen in Unit IV relative to the other units. This Ce anomaly may be 

quantified by comparing the measured concentration (Ce) with an expected 

concentration (Ce*) obtained by interpolating between the values of the neighboring 

elements. 
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Figure 2.7 Average REE distribution patterns for Units I-V. Element/Al ratios are 
normalized to element/Al ratios of Upper Continental Crust (UCC; Taylor and McLennan, 
1985). PAAS (Post Archean average Australian shale; Taylor and McLennan, 1985) also 
shown for comparison. 

 

Wilde et al. (1996) linked Ce anomalies in shales of the anoxic facies to eustatic sea 

level changes. Similar to Mn, Ce4+ is less soluble under oxic conditions, whereas 

under anoxic conditions it will be mobilized, leading to a depletion in Ce in anoxic 

sediments relative to those deposited under oxic conditions. A negative Ce anomaly 

would result. 

In Table 2.2 two different values are given for the Ce anomaly, which are based on 

different calculations. Taylor and McLennan (1985) recommended use of the 

geometric mean Ce*=√(La•Pr). The ratio Ce/Ce*is then a measure of the anomaly, 

with values less than unity being termed negative. Wilde et al. (1996) support use of 

the arithmethic mean Ce*=(La+Pr)/2 and calculated the logarithm of the ratio Ce/Ce*. 

Both calculations lead to essentially the same values for Ce*, with the most negative 

anomaly in Unit IV. 

 

Table 2.2 Ce anomaly for lithologic Units I – V. Two quantification approaches are given. 

  Unit I Unit II Unit III Unit IV Unit V 

Taylor and McLennan (1985) Ce*=√(La•Pr) 1.33 1.49 1.58 1.41 0.83 

 Ce/Ce* 0.88 0.85 0.85 0.79 0.93 

Wilde et al. (1996) Ce*=(La+Pr)/2 1.33 1.49 1.58 1.41 0.83 

 log Ce/Ce* -0.06 -0.07 -0.07 -0.10 -0.03 

 



2. Inorganic geochemical characterization of lithologic units recovered during ODP Leg 207  

34 
 

According to Wilde et al. (1996), the negative Ce anomaly for the black shales of Unit 

IV can be interpreted as a consequence of water column anoxia during sea level 

highstands in the Cretaceous. REE patterns in the sediments of Demerara Rise are 

complicated by the presence of biogenous and chemical compounds that record the 

surrounding seawater and pore waters (e.g., for phosphate). For example, carbonate 

tests of plankton living in the photic zone under oxic conditions would carry the 

surface seawater characteristics and would therefore display a negative Ce anomaly. 

However, this effect is not seen in the more carbonate-rich Units II and III. 

The database is still too small for demonstrating that these REE characteristics hold 

true for Cenomanian/Turonian (C/T) black shales from Demerara Rise in general. 

Statistically, the REE patterns do not show any extraordinary characteristics and do 

not differ much from those of PAAS (Post-Archean average Australian; Taylor and 

McLennan, 1985).  

 

Figure 2.8 illustrates the chemistry of the biogenous carbonates. In Figure 2.8A CaO 

concentration is plotted vs. the TIC contents. The good correlation shows that almost 

all CaO is present as CaCO3. Some samples from Unit IV contain additional CaO, 

which is present as apatite. The contents of CaO-bearing mineral phases other than 

carbonate are negligible. The positive correlation between Sr and TIC (Fig. 2.8B) 

indicates that a variable fraction of Sr is incorporated into carbonates (750 to 1300 

ppm). The negative correlation of MgO and TIC (Fig. 2.8C) shows that Mg is mostly 

incorporated into clay components, even though a small contribution of Mg-rich 

calcite or dolomite cannot be excluded. MnO shows no correlation with TIC (Fig. 

2.8D), but highest concentrations of MnO are found in the carbonate-rich Unit II. 

Figure 2.9 shows the average element/Al ratios of Ca, Sr, Mg, and Mn in Units I to V. 

Except for the strong Mn depletion in Unit IV (see discussion below), a similar 

distribution pattern is displayed. 
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Figure 2.8 Scatter plots of carbonate chemistry. A. CaO vs. TIC. B. Sr vs. TIC. C. MgO 
vs. TIC. D. MnO vs. TIC. 
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Figure 2.9. Mean values of element/Al ratios of Ca, Sr, Mg and Mn in Units I-V. 
Element/Al ratios in AS are indicated by dashed line. 

 

The oxygenation state of the seawater and the redox state of the surface sediment 

form a crucial variable for the preservation of organic material and the formation of 

pyrite. Therefore, the contents of pyrite, reactive Fe, and TOC allow us to draw 

conclusions about the paleoenvironment during deposition of the sediment. The 

degree of pyritization based on bulk sediment analysis is visualized in a ternary Fex-

TOC-S diagram (Fig. 2.10) (Brumsack et al., 1995). The content of reactive Fe (Fex) 

was estimated empirically (Fex= Fe-0.25•Al) assuming that a certain fraction of 

alumosilicate-bound Fe is not available for pyrite formation (Canfield et al., 1992). 

Results of a detailed analysis of reactive iron in the investigated samples is 

discussed in an accompanying publication (Böttcher et al., 2006). Data points that 

plot close to the pyrite saturation line (PSL) are assumed to represent samples that 

are completely pyritized. 
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Figure 2.10 Degree of Pyritization of sediments from Demerara Rise in the Fex - TOC - 
S•2 (following stoichiometry of pyrite - FeS2) system (relative weight ratios). Reactive Fe 
(Fex) is calculated with Fex= Fe-0.25•Al. Data point for pyrite is also shown. 

 

Most of the samples of Unit IV plot below the PSL, indicating the presence of an 

additional sulfur phase. Böttcher et al. (2006) found organic sulfur contents 

exceeding 3 wt% in Demerara Rise black shales. The presence of acid volatile sulfur 

points to the presence of metal sulfides other than pyrite, likely ZnS (Brumsack, 

1980). Samples of Units I-III are positioned above the PSL, indicating that Fex was 

only partly used for pyrite formation, in agreement with direct measurements of sulfur 

and iron speciation (Böttcher et al., 2006).  

 

Trace metal (TM) distribution patterns reveal information about the depositional 

environment. Due to TM participation in bio-cycling processes (Bruland, 1983), 

scavenging by particulate matter and dissolution and precipitation of redox-sensitive 

compounds TM enrichment as well as depletion in sediments are diagnostic for bio-

productivity and redox-conditions during deposition. In combination with pore water 

data they allow indication of post-depositional element migration. Figure 2.11 shows 

the mean values of TM/Al ratios of diagnostic TM in the different lithologic units. TMs 

are shown in order of TM enrichment relative to AS (dashed line) in Unit IV.  
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Figure 2.11 Mean values of TM/Al ratios of diagnostic TM in Units I-V. TM are presented 
in order of TM enrichment relative to AS (dashed line) in Unit IV. 

 

 

The non-lithologenic excess Ba has been interpreted as a paleoproxy for bio-

productivity (Schmitz, 1987; Dymond et al., 1992, Paytan et al., 1996). These 

biogenic barites (BaSO4) (Bishop, 1988; Bertram and Cowen, 1997; Bernstein and 

Byrne, 2004) are only stable under seawater sulfate concentrations (Church and 

Wohlgemuth, 1972). Due to the microbial sulfate reduction in TOC-rich sediments, 

barite is dissolved, Ba is mobilized (Brumsack and Gieskes, 1983; McManus et al., 

1998; Eagle et al., 2003), and authigenic barite precipitates at the top of the sulfate-
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depletion zone forming diagenetic barite fronts within or above TOC-rich strata 

(Torres et al., 1996; Bréhéret and Brumsack, 2000). 

Ba/Al ratios are highest in Units II and III. In the black shales of Unit IV Ba/Al ratios 

are still high despite the absence of sulfate in the pore waters (Erbacher, Mosher, 

Malone, et al., 2004). Arndt et al. (2006) show in a transport-reaction model that not 

only OM degradation but also anaerobic oxidation of methane (AOM) above the black 

shales of Demerara Rise influence sulfate availability and therefore the remobilization 

of biogenic barium. The authors further showed that temporal dynamics of 

degradation processes caused various shifts of the barite precipitation zone during 

burial, thus inhibiting the formation of an authigenic barite front or causing the 

dissolution of earlier formed fronts. In our view the Ba enrichment in Unit IV indicates 

elevated primary productivity during deposition. But a large fraction of former barite 

may remobilize and form diagenetic barites in Unit III. For this reason the use of Ba 

as a paleoproxy on a quantitative level (Dymond et al., 1992) for Cretaceous settings 

in such an environment is highly questionable. 

The very high phosphate contents (>0.7 wt% P2O5 on average in Unit IV) are 

comparable to those in recent upwelling sediments and also points towards 

enhanced nutrient supply and resulting high bioproductivity (e.g., Böning et al., 

2004).  

The black shales of Unit IV are clearly enriched in redox-sensitive and stable sulfide-

forming TMs. In today´s ocean, TOC-rich sediments are deposited in coastal 

upwelling areas and euxinic basins. Brumsack (2006) attempted to distinguish both 

environments by their specific TM patterns. Thereby, the author discussed TM 

sources and fixation mechanisms. Cu and Ni are discussed to be involved in bio-

cycling. The enrichment found in recent upwelling sediments (Böning et al., 2004) 

indicates deposition via bio-detritus. In contrast, oxyanions (As, U, V, and Mo) are 

primarily derived from seawater. The enrichments of Mo, U, and As indicate a sulfidic 

environment (Brumsack, 2006). High concentrations of sulfide-forming TM (Cu and 

Zn) and sulfur phases other than pyrite indicate Fe limitation and thus support the 

idea of an euxinic environment (Böttcher et al., 2006). 

The strong depletion in Mn (Fig. 2.9) requires the presence of at least suboxic 

conditions in parts of the water column (Quinby-Hunt and Wilde, 1994). Dissolved Mn 

is conveyed away in an expanded oxygen-minimum-zone (OMZ) like in recent 

coastal upwelling areas. Thurow et al. (1992) describe such an Mn mobilization at the 
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northwest Australian margin during the Cenomanian/Turonian Boundary Event. The 

authors found Mn-poor sediments within the OMZ and Mn-rich sediments below the 

OMZ, indicating oxic deep waters during the C/T interval at this location. Mn 

enrichment under anoxic/euxinic conditions is only possible in a closed (silled-basin 

like) system, where dissolved Mn cannot conveyed away and alkalinity is high 

enough to form Mn(II)carbonate. Lyons et al. (pers. communication) find these Mn-

enrichments in euxinic Unit 1 in the modern Black Sea. Mn depletion in all samples of 

Unit IV shows that the investigated sites (1257-1261) must be located within the OMZ 

during deposition. In this case the re-oxidation and reduction of Mn oxides (Mn 

cycling) at the redox boundary may have induced TM scavenging by Mn-

(oxy)hydroxides (Cu, Mo, and V) comparable to the Black Sea. But the Mn most likely 

was deposited in other parts of the Proto-Atlantic, where deep waters still might have 

contained oxygen. 

However, one should mention that the elemental pattern of black shales from 

Demerara Rise is very similar to the one known from other C/T settings, particularly 

with respect to the extraordinarily high V and Zn contents (Brumsack, 2006). 

Conclusions 

Sediments recovered during Leg 207 from the Demerara Rise consist of different 

mixtures between biogenous carbonate and detrital material. Lithologic Units II-IV 

show high carbonate contents, whereas Unit I and V are dominated by terrigenous 

detritus. Major element analysis indicates a common origin of the terrigenous detritus 

similar to average shale, whereas the clay-dominated Unit I reveals a more 

weathered terrigenous component. Heavy minerals phases and quartz-bearing sands 

display a high-energy synrift deposit in Unit V. 

The Cretaceous black shales of Unit IV are clearly enriched in redox-sensitive and 

stable sulfide-forming elements. This indicates high paleoproductivity and severe 

oxygen depletion in the water column. The complete sulfidation of the black shales 

and significant excess sulfur report a sulfidic environment, leading to sulfur 

incorporation into organic matter. 

Ba enrichments in sediments above the black shale sequences show former 

diagenetic mobilization of barite in underlying sediment layers. Pore water data 

evidence that sulfate reduction due to anaerobic methane oxidation is still driving 

barite diagenesis. 
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Appendix 

Appendix A2.1  Precision and accuracy of analyzed elements. 

 

Element Method Precision SD (1σ) Accuracy 

   (rel%) (rel%) 

TS IR-analyzer 2.7 102.6 
TC IR-analyzer 1.3 100.5 
TIC Coulometry 0.8 99.8 
SiO2 XRF 0.4 99.7 
TiO2 XRF 1.0 102.8 
Al2O3 XRF 0.5 99.9 
Fe2O3 XRF 0.4 100.6 
MnO XRF 1.4 101.5 
MgO XRF 0.6 108.7 
CaO XRF 0.5 100.4 
Na2O XRF 0.0 98.9 
K2O XRF 1.4 92.7 
P2O5 XRF 0.7 103.4 
As XRF 2.7 93.8 
Ba XRF 3.0 104.7 
Co XRF 5.4 98.1 
Cr XRF 3.6 108.8 
Cu XRF 3.7 89.8 
Mo XRF 4.7 101.6 
Ni XRF 0.8 99.0 
Pb XRF 9.0 93.6 
Rb XRF 2.0 98.2 
Sr XRF 0.5 102.5 
U XRF 8.8 105.5 
V XRF 1.2 104.3 
Y XRF 3.0 100.7 
Zn XRF 1.7 97.8 
Zr XRF 2.8 103.0 
REE ICP-MS 6.8 a 95.9 - 102.6 b 
 
Notes: Accuracy is defined as 100% times the mean of the repeat analyses divided by the expected 
value. Precision is defined as 100% times the best estimate standard deviation (1σ)) divided by the 
mean of the repeats. SD = standard deviation. 
a maximum value 
b range 
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Abstract 

The geochemical composition of sediments (squeeze cake samples) from five drill sites 

(Ocean Drilling Program Sites 1257 - 1261) on the Demerara Rise in the tropical Atlantic 

was determined, with special regard to a sequence of Cretaceous black shales. Sediments 

were analyzed for different iron (total, pyrite, Na dithionite, and HCl leachable) and sulfur 

(total, pyrite, acid volatile, and organic bound) fractions, in addition to total organic carbon 

(TOC) and total inorganic carbon. The relative abundance of highly reactive iron 

(FeHR/FeT) in the investigated black shale samples indicates that pyrite was formed both in 

the water column and the sediment. This corresponds to euxinic paleoenvironmental 

conditions, a situation similar to the modern deep Black Sea. This geochemical approach is 

independent of a possible minor contribution from ongoing sulfate reduction which is 

triggered by anaerobic methane oxidation above the black shale sequence. Pyrite sulfur in 

black shales makes up between 30% and 100% of total sulfur. In addition to fixation of 

sulfide with iron, organic matter (OM) acted as an important sulfur trap during early 

diagenesis, with organic sulfur composing between 5 and 10 atom% of TOC. The relative 

importance of OM sulfurization is increasing with its content. 

 
Keywords: Ocean Drilling Program, JOIDES Resolution, Leg 207, Tropical Atlantic, microbial sulfate 

reduction, reactive iron, pyrite, organic sulfur, water column, sediment 
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Introduction 

The paleo-environmental conditions during organic-matter rich black shale formation have 

been an important scientific issue in the field of global and regional biogeochemical element 

cycling for a considerable period of time (e.g., Gauthier, 1987; Arthur et al., 1988; Arthur 

and Sageman, 1994; Brumsack, 2006, and references therein) but still are far from being 

completely understood. A number of different geochemical approaches has been applied to 

approach these questions, including trace element, biomarker and stable isotope studies. 

As examples for more recent analogs for organic matter-rich sediment deposition the 

formation of sapropels in the Black Sea and the eastern Mediterranean has been 

investigated in detail (e.g., Brumsack, 1986; Calvert et al., 1996; Lyons, 1997; Arthur and 

Dean, 1998; Emeis et al., 2000; Rinna et al., 2002, Lourens et al., 2001; Brumsack and 

Wehausen, 1999; Böttcher et al., 2003). 

Accumulation of organic matter in sediments is often associated with the enrichment of 

sulfur and iron. The systematics behind the combined (bio)geochemistry of sulfur, iron, and 

organic carbon have been evaluated for the modern Black Sea (e.g., Leventhal, 1983; 

Arthur and Dean, 1998; Canfield et al., 1996; Raiswell and Canfield, 1998; Anderson and 

Raiswell, 2004) and successfully applied by analogy to the ancient depositional 

environments of organic-matter-rich sediments (e.g., Dean and Arthur, 1989; Raiswell et al., 

2001; Shen et al., 2003; Grice et al., 2005). Interpretation of ancient black shales is often 

complicated because of the modification by deeper burial and associated geochemical 

overprints. Close to the Earth´s surface, modification of the geochemical composition of 

black shales can take place by weathering that may be induced by flow of rain and ground 

water (Petsch et al., 2000, 2001, 2005). Black shale sequences as well as corresponding 

pore water gradients obtained by deep sea drilling, on the other hand, have seldom been 

analyzed in a resolution sufficient for a detailed interpretation of past environmental change 

and possible diagenetic overprints. First analyses of pore waters associated with frequent 

sapropel layers from the Mediterranean gave no indication for a contribution of organic-

matter-rich zones to the shapes of present pore water profiles (Böttcher et al., 1998, 2003). 

Widespread black shale formation took place during the global ocean anoxic events (OAEs) 

of the Cretaceous Period (e.g., Schlanger and Jenkyns, 1976; Jenkyns, 1980), the causes 

still being a matter of intense debate (e.g., Arthur and Sageman, 1994; Arthur et al., 1988; 

Brumsack, 1986; Sinninghe Damsté and Köster, 1998). In the present study, we carried out 

a detailed geochemical investigation on Cretaceous black shale samples from the southern 

North Atlantic not previously affected by surface weathering. Expanded, shallowly buried 
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Cretaceous sediments were recovered during Ocean Drilling Program (ODP) Leg 207 from 

the Demerara Rise off Surinam, South America, including multiple sequences of 

Cretaceous black shales. By means of a solid phase geochemical approach we aimed to 

characterize the sulfur-iron-carbon (S-Fe-C) systematics of these sediments and their use 

as indicators for the depositional paleo-environment. Results are compared to the 

composition of the overlying younger organic-poor sediments. This communication is 

accompanied by reports on the bulk inorganic geochemistry including trace element 

contents (Hetzel et al., 2006), a high-resolution geochemistry study of Cretaceous black 

shales (Hetzel et al., in prep.), and the biogeochemistry of stable sulfur and oxygen isotope 

fractionation in pore waters and authigenic sulfur phases (Böttcher et al., in prep.). 

 

 

Figure 3.1 Positions of the investigated five sites cored during Leg 207 in the tropical Atlantic on 
the Demerara Rise, off Suriname. A. Map modified from Erbacher, Mosher, Malone, et al. (2004). 
B. Map was created using the Generic Mapping Tools (GMT) program 
(www.aquarius.geomar.de). 
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Material and Methods 

During ODP Leg 207 sediments on the Demerara Rise were cored at ~9°N in the tropical 

Atlantic (Fig. 3.1; Table 3.1). The rise stretches ~380 km along the coast of Suriname and 

reaches a width of ~220 km from the shelf break to the northeastern escarpment, where 

water depths increase sharply from 1000 to >4500 m. Although most of the plateau lies in 

shallow water (700 m), the northwest margin is a gentle ramp that reaches water depths of 

3000 to 4000 m. Nearly uniform, shallowly buried stratigraphically expanded sections of 

Cretaceous and Paleogene age exist with good stratigraphic control. Five drill sites (Sites 

1257-1261) constitute a depth transect ranging in water depths from 1900 m to 3200 m 

(Fig. 3.1). The recovered sediments include multiple sequences of Cretaceous black shales 

(Erbacher, Mosher, Malone et al., 2004; Erbacher et al. 2005) pointing to varying levels of 

bottom water dysoxia and/or enhanced surface water productivity. Five units were 

identified: Unit I, consisting of modern, Pleistocene and Pliocene sediments; Unit II, of 

Oligocene and Eocene sediments; Unit III, of Late Paleocene to Campanian sediments; 

Unit IV, of Santonian to Cenomanian black shales; and Unit V, of Albian sediments. 
 

Table 3.1 Drilling locations of ODP Leg 207 with geographical positions and water depths. 

Site Hole Latitude Longitude Water depth (mbsl) 
1257 A 9° 27.230'N 54° 20.518'W 2951.0 
1257 B 9° 27.218'N 54° 20.508'W 2951.0 
1257 C 9° 27.206'N 54° 20.495'W 2951.0 
1258 A 9° 26.000'N 54° 43.999'W 3192.2 
1258 B 9° 26.000'N 54° 43.982'W 3192.2 
1258 C 9° 26.000'N 54° 43.966'W 3192.2 
1259 A 9° 17.999'N 54° 11.998'W 2353.8 
1259 B 9° 18.048'N 54° 11.945'W 2353.8 
1259 C 9° 18.024'N 54° 11.969'W 2353.8 
1260 A 9° 15.984'N 54° 32.633'W 2548.8 
1260 B 9° 15.931'N 54° 32.652'W 2548.8 
1261 A 9°  2.917'N 54° 19.038'W 1899.7 
1261 B 9°  2.918'N 54° 19.049'W 1899.7 

mbsl = meters below sealevel 

 

Interstitial waters from 152 samples from Sites 1257 - 1261, covering a depth range from 

the sediment/seawater interface to 648 meters composite depth (mcd), were collected and 

processed using standard ODP methods. Interstitial water samples were squeezed from 

sediment samples immediately after retrieval of the cores using titanium squeezers, 

modified after the standard ODP stainless steel squeezer (Manheim and Sayles, 1974). 

Results for dissolved species relevant for the present study are summarized in Figure 3.2.  
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Figure 3.2 Onboard measurements of selected constituents in pore waters at Sites (A) 1257, (B) 
1258, (C) 1259, (D) 1260, and (E) 1261 (from Erbacher, Mosher, Malone, et al. (2004) and ODP 
database). TA = total alkalinity. 
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On-board splits of all squeeze cakes were taken, freeze-dried and stored in poly-ethylene 

bags. In the shore-based laboratory the samples were ground and homogenized in an 

agate mill. X-ray fluorescence (XRF) analysis for main elements (Philips® PW 2400 X-ray 

spectrometer) using fused glass-beads were conducted as described by Schnetger et al. 

(2000). Detailed results are presented in Hetzel et al. (2006); the present communication 

only refers to the total iron (FeT) measurements. Total sulfur (ST) and total carbon (TC) 

were analyzed using a LECO® SC-444 infrared-analyzer for squeeze cake-samples. Total 

inorganic carbon (TIC) was determined coulometrically using a UIC® CM 5012 CO2 

coulometer coupled to a CM 5130 acidification module. Total organic carbon (TOC) was 

calculated as the difference between TC and TIC (e.g., Prakash Babu et al., 1999). 

Different sedimentary sulfur fractions, acid volatile sulfur (SAVS), chromium-reducible sulfur 

(SP, essentially pyrite), organic matter (essentially kerogen)-bound organic sulfur (SORG), 

and residual sulfur (SRES) were separated quantitatively on freeze-dried powdered samples. 

SAVS was obtained via anaerobic distillation with 6M HCl (1 h). Because FeS is not 

expected to survive the diagenetic pyritization and laboratory-based freeze-drying process 

in the black shale samples, the SAVS fraction is assumed to dominantly represent water-

column derived ZnS and/or CuS (Brumsack, 1980). SAVS contents (data not shown) in the 

investigated black shale samples are <270 mg/kg. These results will be discussed in the 

light of trace element enrichments in more detail in a latter contribution. Pyrite sulfur, SP, 

was extracted via hot acidic Cr(II)Cl2 (2 h) (Zhabina and Volkov, 1978; Canfield et al., 

1986). Liberated H2S was precipitated quantitatively in Zn acetate traps and measured 

spectrophotometrically (Cline, 1969). The residue was washed, dried and weighed and 

analyzed for the CNS contents via elemental analysis using a Fisons elemental analyzer. 

This fraction represents the sum of SORG and SRES. The Cr(II) residue was then tempered in 

a porcelain cruicible for several hours at 550°C to remove organic matter, weighed and 

again analyzed for CNS (Böttcher and Schnetger, 2004). This fraction is considered to 

mainly represent residual barite sulfur. The SORG-1 fraction was calculated from the 

difference of the two sulfur fractions. Additionally, the organic sulfur fraction was calculated 

from the difference of total sulfur and the sum of chromium-reducible sulfur and the sulfur 

content of the tempered Cr-residue according to SORG-2 = ST - SP - SRES. Organic sulfur 

results from both approaches agree well (Fig. 3.3).  
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Figure 3.3 Comparison of the results of two analytical approaches to measure organic sulfur 
(SORG) contents in black shale samples (see "Materials and Methods"). 

 

Still-reactive iron (FeD) was extracted from sediment samples using a buffered solution of 

Na-dithionite (Canfield, 1989), which removes iron(oxyhydr)oxide phases (ferrihydrite, 

goethite, lepidocrocite, and hematite) but only small amounts of iron from silicates 

(Canfield, 1989; Haese, 2000). The iron concentration was determined 

spectrophotometrically (at 562 nm) with ferrozine in HEPES-buffer at pH 7 (Stookey, 1970). 

The amount of pyrite iron (FeP) was calculated from the content of pyrite sulfur, SP. The 

highly reactive iron fraction FeHR is calculated as the sum of extractable and pyrite iron 

(FeHR = FeD + FeP). The range of geochemical results in the Fe-S-C system for Unit IV 

sediments is summarized in Table 3.2. Finally, the iron fraction extractable by cold 0.5M 

HCl (FeHCl) was determined in all samples (data not shown). Maximum dry weight contents 

of FeHCl are 140 mg/kg (Unit V, Site 1257), 70 mg/kg (Unit I, Site 1258), 199 mg/kg (Unit V, 

Site 1259), 83 mg/kg (Unit I, Site 1260), and 302 mg/kg (Unit I, Site 1261). FeHCl and FeD 

contents are positively correlated. Scanning electron microprobe analysis of gold-coated 

non-ground sediment samples was carried out using scanning electron microscopy (Hitachi 

S-3200N scanning electron microscope [SEM]).  
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Table 3.2 Range of geochemical parameters in the Fe-S-C system measured on squeeze cake 
samples of Unit IV sediments from ODP Leg 207.  

Fe-S-C (wt%) 1257 1258 1259 1260 1261 
TOC 3.5 - 7.7   5.7 - 15.1   7.6 - 18.6 2.7 - 6.0   9.2 - 12.0 
TIC 5.3 - 6.3 2.4 - 6.9 4.9 - 7.1   8.1 - 10.4 4.4 - 6.4 
FeT 0.6 - 4.6 1.1 - 3.1 0.7 - 1.7 0.6 - 1.2 0.8 - 1.5 
FeP 0.4 - 1.4 0.5 - 2.3 0.4 - 1.2 0.4 - 0.9 0.6 - 1.3 
FeHR 0.4 - 1.5 0.6 - 2.6 0.4 - 1.3 0.4 - 0.9 0.6 - 1.3 
ST 1.3 - 2.0 1.7 - 4.7 1.3 - 4.5 0.8 - 1.5 2.0 - 3.3 
SP 0.5 - 1.6 0.6 - 3.0 0.4 - 1.4 0.4 - 1.0 0.7 - 1.5 
SORG 0.3 - 1.0 1.2 - 2.9 0.8 - 3.1 0.4 - 0.8 1.4 - 1.9 

FeP was calculated from SP measurements considering the stoichiometric composition of pyrite. 
Corresponding main, minor and trace elements are found in Hetzel et al. (2006). TOC = total 
organic carbon, TIC = total inorganic carbon, FeT = total iron, FeP = pyrite iron, FeHR = highly 
reactive iron, ST = total sulfur, SP = pyrite sulfur, SORG = organic matter (essentially kerogen)-
bound organic sulfur. 

 

Results and Discussion 

Lithologic Units, Pore Waters, Sulfate Reduction, and Anaerobic Methane Oxidation 

The depth profiles of the contents of different sedimentary carbon, sulfur, and iron fractions 

measured at all sites recovered during ODP Leg 207 are presented in Figure 3.4. The 

geochemical data demonstrate the occurrence of highly organic matter-rich (Cretaceous) 

black shales (Unit IV) with TOC contents up to 18 wt%. The black shales were deposited on 

synrift clastic sediments (Unit V). Units IV and V are overlain by organic-poor open-marine 

chalk and calcareous claystones (Units I - III) (Erbacher, Mosher, Malone, et al., 2004). 

Downcore variations of the pore water sulfate (Fig. 3.2) clearly indicate that deep-seated 

microbial sulfate reduction at slow rates is occuring in the sediments above Unit IV. 

Anaerobic oxidation of upward diffusing methane (AOM), which is derived from the black 

shale sequence, is the process associated with the microbial sulfate reduction process 

(Erbacher, Mosher, Malone, et al., 2004). AOM has been found to be carried out in marine 

sediments by a consortium of archaea and sulfate-reducing bacteria (Hoehler et al., 1994; 

Hinrichs et al., 1999; Boetius et al., 2000). The mechanistic, qualitative interpretations from 

the pore water profiles are additionally confirmed by quantitative modeling (Arndt et al., 

2006). The reaction zone is currently positioned at Sites 1257 to 1260 above the black 

shale sequences and is triggered by a flux of biogenic methane from the organic-matter-rich 

shales, where it is produced by methanogenesis. At Site 1261, sulfate reduction already 

goes to completion within the upper 200 meters composite depth (mcd), indicating that 

organic matter degradation takes place in the rapidly deposited Pliocene nannofossil clay of 
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Unit I (Erbacher, Mosher, Malone, et al., 2004). Whereas, organic matter mineralization at 

depth is reflected by the continuous increase in ammonium concentrations, alkalinity data 

are partly superimposed by carbonate precipitation. Accumulation of dissolved barium 

concentrations in the pore waters (Fig.3.2) originates from the dissolution of biogenic 

barites and takes only place where pore water sulfate was completely exhausted. 

Enhanced dissolved iron concentrations, on the other hand, excludes significant sulfide 

concentrations. 

Sedimentary Iron and Sulfur Species 

The burial of organic matter in the black shale sequence is associated with an enrichment 

of all analyzed sulfur fractions: total, pyrite, and organic-bound sulfur (Fig. 3.4). This is due 

to the coupling of organic matter deposition to microbial sulfate reduction and the 

associated formation of sedimentary sulfur compounds. Dissimilatory sulfate reduction 

leads to the formation of hydrogen sulfide that may further react with reactive iron to 

precipitate iron sulfides (essentially pyrite, FeS2) and with organic matter to form organic-

sulfur compounds (e.g., Aizenshtat et al., 1983, 1995; Sinninghe Damsté and de Leeuw, 

1990; Bein et al. 1990; Rullkötter, 2000; Werne et al., 2004). Other metal sulfides (e.g., 

ZnS) that may have been formed in a sulfidic paleo water-column (Brumsack, 1980), 

although found in investigated black shale samples (Hetzel, unpublished results), are 

quantitatively only of trace importance. 

Reactive Iron Phases and Pyrite Formation 

Pyrite typically occurs in marine sediments in framboidal and euhedral occurrence, 

depending on the physicochemical boundary conditions (Wilkin et al., 1996; Wang and 

Morse, 1996). As shown in Figure 3.5, framboidal pyrite was found in black shale samples 

from Site 1260. This occurrence is typical for pyrite that is formed in a euxinic water column 

or in the sediment closed to the sediment/water interface during early diagenesis (Wilkin et 

al., 1996). Besides sulfur, the iron contents are also enhanced in sediments of Unit IV (Fig. 

3.4), in particular the FeP and FeD fractions. The only exception is Site 1261. The formation 

of pyrite is ultimately limited by the availability of iron minerals that are able to react with 

dissolved sulfide (Canfield, 1989). The amount of so-called highly reactive iron (FeHR) in 

marine sediments consists of the sum of the iron fraction that already reacted to pyrite (FeP) 

and sedimentary iron that is still able to react with sulfide. This still-reactive iron fraction 

(FeD) is extracted with buffered Na-dithionite solution (Canfield, 1989). 
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Figure 3.4 Downcore variations of selected geochemical parameters for Sites (A) 1257, (B) 1258, 
(C) 1259, (D) 1260, and (E) 1261. Definition of lithological units according to Erbacher, Mosher, 
Malone, et al. (2004). TOC = total organic carbon, TIC = total inorganic carbon, FeT = total iron, 
FeD = still-reactive iron, FeP = pyrite iron, ST = total sulfur, SP = pyrite sulfur, SORG = OM 
(essentially kerogen)-bound organic sulfur. Dashed line in the relative abundance of highly 
reactive iron (FeHR/FeT) plots indicates boundary to euxinic conditions (see "Reactive Iron 
Phases and Pyrite Formation"). 
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The relationship between FeHR and total iron (FeT) has been shown to be indicative for the 

redox-conditions characterizing the sediment-forming environment, with FeHR/FeT ratios 

below <0.38 in normal marine environments with oxic bottom waters (Raiswell and 

Canfield, 1998; Anderson and Raiswell, 2004). In euxinic systems, on the other hand, the 

clastic and reactive iron fluxes to the sediment may be decoupled, which may lead to 

FeHR/FeT ratios >0.38. This corresponds to an excess of reactive sedimentary sulfur in 

euxinic compared to oxic sediments. Below oxic bottom waters, pyrite formation takes place 

exclusively in the sediment. An additional fraction of iron sulfide may be formed in the water 

column of euxinic systems, as found in the modern Black Sea (Raiswell and Berner, 1985; 

Canfield et al., 1996). It has been shown for modern environments that the geochemical 

indicators in the iron-sulfur system, such as the FeHR/FeT ratio and the degree of pyritization 

mostly lead to the same paleoredox-interpretations (e.g., Shen et al., 2003). 

 

 

Figure 3.5 SEM photographs of framboidal pyrite found in a foraminifera shell in a black shale 
sample (Sample 207-1260B-40R-4, 140-150 cm). B is an extension from A. 

 

The downcore variations of the relative fraction of highly reactive iron (FeHR/FeT) for the Leg 

207 samples are presented in Figure 3.4. Reactive iron was enriched in virtually all black 

shale samples with FeHR/FeT values >0.38, indicating euxinic conditions during deposition 

of the organic-rich sediments of Unit IV (Fig. 3.4). Differences between the sites, as well as 

downcore variations of the relative enrichment of reactive iron indicate that environmental 

conditions and/or associated transport processes were not constant with time. Besides 

water column iron sulfide formation, the enrichment of reactive iron, requires also the 

presence of a paleo-shelf situation where an extended oxygen minimum zone led to the 

liberation of dissolved iron from shelf areas into a suboxic water column and, after further 
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transport, to the precipitation when reaching the sulfidic deeper waters (Canfield et al., 

1996; Lyons, 1997; Wijsman et al., 2001; Anderson and Raiswell, 2004). Alternatively, such 

an enrichment may have been caused by a fluctuation of a chemocline on the shelf slope, 

leading to a pumping of dissolved iron into suboxic waters with subsequent fixation in areas 

of higher sulfide accumulation. The latter mechanism is similar to a model proposed by 

Lepland and Stevens (1998) for the formation of Mn(II)carbonates in an anoxic deep of the 

Baltic Sea. Additionally, an excess of FeHR is also found below the black shales in Unit V at 

Sites 1257, 1258 and 1260. In contrast, euxinic conditions were limited to Unit IV at Site 

1259, based on the present sampling resolution. Besides an onset of euxinic conditions 

already occurring during clastic sediment deposition of Unit V, a later sulfidization of 

underlying sediments as described for sediments below sapropels of the Kau Basin 

(Middelburg, 1991), the Eastern Mediterranean (Passier and de Lange, 1998; Passier et al., 

1996, 1997, 1999), the Baltic Sea (Böttcher and Lepland, 2000), or the Black Sea 

(Jørgensen et al., 2004) may also have caused this iron sulfide enrichment. A similar 

diagenetic sulfidization mechanism was identified in Mesoproterozoic marine sediments of 

the Belt Supergroup (Lyons et al., 2000). 

 

 

Figure 3.6 Covariation of (A) pyrite (SP) and (B) organic sulfur (SORG) contents as a function of 
total organic carbon (TOC) contents. Dashed line marks the relationship derived for normal 
marine sediments as defined by Berner and Raiswell (1983). o = Leg 207, this study. x = data for 
Holocene and Pleistocene sediments from the Black Sea (Core BS4-14GC; Calvert et al., 1996; 
Core GeoB 7620-2, M. Böttcher and B. Jørgensen, unpubl. data). + = data for sapropelic 
sediments from the Mediterranean Sea (Böttcher et al., 2003). 
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FeHR/FeT ratios in Units I to III are below the threshold value for euxinia indicating an 

essentially non-sulfidic water column during sediment formation. When the different sites 

are compared, however, it becomes obvious that reactive iron (FeHR) is relatively enriched 

in the sediments at Site 1261, which is positioned closest to the paleo-coastline and at the 

lowest paleo-water depth. An import of iron from shallower shelf sediments according to the 

(suboxic) oxygen minimum zone (OMZ) model is consistent with this observation. 

The co-variation of pyrite sulfur, SP, with TOC data is presented in a Berner-plot (Fig. 3.6) 

and compared to the relationship proposed for “normal marine sediments” (Berner and 

Raiswell, 1983). Only a few data points coincide with the relation found for clastic 

sediments below an oxic water column. A number of data points plot above the regression 

line, indicating an excess of sulfur that may coincide with a euxinic depositional 

environment (Leventhal, 1983; Raiswell and Berner, 1985). At highest TOC contents, 

however, most data show a relative excess of organic matter. This indicates a certain 

degree of iron limitation during black shale deposition (Leventhal, 1983) as also found for 

the Black Sea and Mediterranean sapropels (Fig. 3.6) or Albian black shales from the North 

Atlantic (Hofmann et al., 2000). Iron limitation upon black shale formation is also indicated 

from the sedimentary sulfur speciation (Fig. 3.4). Pyrite sulfur in the investigated black 

shale samples makes up between 30% and 100% of total sulfur, with a decrease of the 

relative importance with increasing organic matter content (Fig. 3.7). This indicates the 

importance of the balance between organic matter and the syngenetic metal flux to the 

surface sediments. Besides fixation of sulfide by the reaction with iron, organic matter (OM) 

acted as the second-important sulfur trap during early diagenesis. 

Organic Sulfur Formation 

Sulfur can react with organic matter via a number of different pathways, where sulfide and 

polysulfides are the most likely reaction partners (Aizenshtat et al., 1983, 1995). This 

requires a decreased availability of reactive iron and leads to a modification of reactivity of 

the remaining organic matter (Sinninghe Damsté and de Leeuw, 1990). Organic sulfur 

incorporation is found in the high-TOC black shale samples at all sites (Fig. 3.4). From the 

nearly linear variation of organic sulfur and organic carbon contents (Fig. 3.6), essentially 

constant atomic C/S ratios are obtained. Quantitatively, the samples with TOC contents 

exceeding ~2 wt% have up to 10 atom% organic sulfur. Most of the atomic S/C ratios fall in 

the range of 0.04 to 0.06. A similar linear relationship has been observed previously for 

Mediterranean sapropels by Passier et al. (1999). The fraction of SORG, however, is 

relatively more enriched in the Cretaceous black shale samples, probably due to a higher 
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abundance of reactive sulfur species or a higher reactivity of the organic matter towards 

sulfurization. From a comparison with literature data it is obvious that OM in the black 

shales is significantly enriched in sulfur when compared to marine planktonic material (S/C 

~ 0.008) (Francois, 1987). This is due to the reaction of reduced sulfur species with organic 

matter upon early diagenesis (Aizenshtat et al., 1983, 1995; Bein et al., 1990; Raiswell et 

al., 1993; Sinnighe Damsté and de Leeuw, 1990; Passier et al., 1999; Werne et al., 2004). 

Stable sulfur isotope measurements have shown that the original seawater-derived sulfur in 

the organic matter was superimposed by the addition of diagenetic sulfur species (Bein et 

al., 1990; Passier et al., 1999). The relative importance of OM sulfurization compared to the 

bonding to pyrite increases with organic matter contents (Fig. 3.7). Deviations of atomic S/C 

ratios from the mean value of 0.056 (TOC > 2 wt%) may be caused by different extents of 

dissolved sulfur species availabilities and/or different sulfur sink capacities of organic 

matter. In Creaceous carbonates, Bein et al. (1990) observed maximum S/C ratios of up to 

0.38. On the other hand, Jurassic black shales, anoxic Peru margin upwelling sediments, 

and Mediterranean sapropels had maximum S/C ratios of 0.019, 0.056, and 0.038, 

respectively (Raiswell et al., 1993; Mossmann et al., 1991; Passier et al., 1999).  

 

 

 

Figure 3.7 Covariation of the sulfur fraction in pyrite with total organic carbon (TOC) in black 
shale samples. 
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Conclusions 

A detailed geochemical analysis of iron and sulfur speciation in sediments recovered during 

ODP Leg 207 on the Demerara Rise show that the paleo-environment was euxinic during 

Cretaceous black shale deposition with iron sulfides being formed in the sulfidic part of the 

water column and the sediment. This requires the transport of iron to the place of iron 

sulfide formation, for instance, via an intense but not sulfidic oxygen minimum zone. In 

addition, organic matter acted as an important early-diagenetic sink for dissolved reduced / 

intermediate sulfur species at (present) organic matter contents exceeding ~2 wt%. Results 

from the five different sites demonstrate that environmental redox conditions were not 

constant with time. A more detailed analysis of iron-sulfur speciation during black shale 

deposition at Sites 1258 and 1260 together with sulfur isotope partitioning between sulfur 

species is needed and is being currently being carried out to identify the frequency of 

changes in water column euxinia during black shale deposition with time in relation to the 

availability of iron. 
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Abstract 

Cretaceous black shales deposited under severe oxygen-depletion are carriers of proxy 

signals for paleoenvironmental conditions. Using high-resolution patterns of iron and sulfur 

speciation, stable sulfur isotope discrimination, and trace element enrichment from black 

shale sequences of Sites 1258 and 1260 we identified alterations of the depositional 

environment during the Cenomanion/Turonian boundary Event (OAE 2) in the southern 

North-Atlantic (ODP Leg 207, Demerara Rise). 

Changes in redox-conditions are suggested by high ratios of reactive to total iron which 

indicate that pyrite was formed both in the water column and within the sediment. This 

corresponds to euxinic paleoenvironmental conditions with at least temporarily free 

dissolved sulfide in the water column, a situation similar to the modern deep Black Sea. In 

addition, besides fixation of sulfide as iron sulfide, organic matter acted as an important 

sulfur trap during early diagenesis. Stable sulfur isotope fractionation went through a 

minimum within the OAE 2 interval indicating enhanced sulfur isotope discrimination during 

highest burial of organic matter (OM) potentially due to lower burial efficiency of reduced 

sulfur and/or a higher contributions from the oxidative part of the sulfur cycle (e.g., in the 

water column or the surface sediments). Elevated Fe/Al and Co/Al values within the 

Cenomanion/Turonian interval confirm euxinic conditions but, at the same time, require a 

zone where reducing but non-sulfidic conditions prevail, allowing reductive Fe and Co 

mobilization in oxygen-depleted nearshore sediments. The existence of an expanded 

oxygen-minimum-zone (OMZ) is demonstrated by extremely low Mn/Al ratios. 

A change in the trace metal (TM) inventory of seawater is postulated from a decline in 

seawater derived TM enrichment. Because hypoxic or even euxinic environments form an 

important sink for TM, the enlargement of euxinic depositional areas at the global onset of 
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black shale deposition during OAE 2 have likely led to a drawdown of the seawater TM 

reservoir.  

 
Keywords: Demerara Rise, Ocean Drilling Program, Leg 207, trace metals, Oceanic Anoxic Event 2, CTBE, 

paleoenvironment, pyrite, sulfur isotopes 
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Introduction 

In the mid-Cretaceous, several distinct periods of organic-rich black shale deposition 

appear. The enhanced burial of organic carbon in marine sediments during these so called 

Oceanic Anoxic Events (OAEs; Schlanger and Jenkyns, 1976) is thought to arise either 

from enhanced bio-productivity or from intensified preservation of organic matter during 

anoxic conditions (e.g., Arthur et al., 1987, 1988; Schlanger et al., 1987). The Cenomanian-

Turonian Boundary Event (CTBE = OAE 2; ca. 93.5 Ma) is one of the best studied global 

Oceanic Anoxic Events. It is characterized by a global organic carbon burial episode 

leading to a positive shift in δ13C values of organic carbon and carbonate (e.g., Schlanger et 

al., 1987; Arthur et al., 1988; Gale et al., 1993; Erbacher et al., 2005). As the carbon cycle 

is tightly coupled to the sulfur cycle, perturbations in the global carbon cycle lead to 

changes in the seawater sulfur isotopic composition (e.g., Strauss, 1999; Paytan et al., 

2004; Wortmann and Chernyavsky, 2007). 

During Ocean Drilling Program (ODP) Leg 207, relatively expanded, shallowly buried 

Cretaceous sediments were recovered from Demerara Rise off Suriname, South America. 

CTBE black shales on Demerara Rise form part of a thick black shale succession 

encompassing the Albian to Santonian (Shipboard Scientific Party, 2004). This may be the 

result of both the paleogeographic setting of Demerara Rise (lacking significant ventilation 

of bottom-waters prior to the opening of the equatorial Atlantic gateway, which may have 

taken place in the Campanian; see Friedrich and Erbacher, 2006) and enhanced nutrient 

influx. The latter may have been evoked by terrestrial runoff and/or upwelling due to the 

proximal position of Demerara Rise to the South American landmass. 

Cretaceous black shales deposited under severe oxygen-depletion are carriers of proxy 

signals for paleoenvironmental conditions like varying levels of bottom water dysoxia and/or 

enhanced surface water productivity. Changes in water column redox conditions lead to 

responses in the coupled biogeochemical sulfur-carbon-metal cycles and associated 

sedimentary signal formation. Therefore, distribution patterns of iron and sulfur speciation, 

sulfur isotope partitioning, and enrichments of redox-sensitive and sulfide forming trace 

metals provide important paleoenvironmental information on dynamics of biogeochemical 

element cycles and corresponding water column redox-conditions during black shale 

deposition. Excess iron contribution to selected Cretaceous Leg 207 black shales due to 

pyrite formation in a euxinic water column was shown by iron and sulfur speciation 

analyses, and enhanced organic matter sulfurization was shown to be caused by a 

limitation of reactive iron to form sulfide minerals (Böttcher et al., 2006). 
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High enrichments of redox-sensitive elements in organic carbon-rich sediments have been 

related to anoxic bottom waters. Under reducing conditions these metals may either be 

precipitated as sulfides, co-precipitated with iron sulfides or bound to organic matter 

(Brumsack, 1980; Jacobs et al., 1985, 1987; Brumsack, 1989; Breit and Wanty, 1991; 

Hatch and Leventhal, 1992; Calvert and Pedersen, 1993; Piper 1994; Nijenhuis et al., 

1998). Based on the specific trace metal patterns of coastal upwelling areas and euxinic 

settings Brumsack (2006) discussed the enrichment of trace metals in Cretaceous black 

shales attempting to ascertain whether enhanced bio-productivity or widespread stagnation 

triggered black shale formation.  

In the present study, we report on a high-resolution geochemical tracer record for black 

shale sequences of ODP Leg 207 Sites 1258 and 1260 using distribution patterns of trace 

element enrichment, iron and sulfur speciation, and stable sulfur isotope discrimination to 

identify changes in redox-conditions of the depositional environment during OAE 2. 

Material and Methods 

Site description 

During ODP Leg 207, sediment cores were drilled on the Demerara Rise in the tropical 

North Atlantic (Fig. 4.1). The rise stretches ca. 380 km along the coast off Suriname and 

reaches a width of ca. 220 km from the shelf break to the northeastern escarpment, where 

water depths increase sharply from 1,000 to more than 4,500 m. While most of the plateau 

lies in shallow water (700 m), the northwest margin forms a gentle ramp reaching water 

depths of 3,000 to 4,000 m. The five drill sites (Sites 1257-1261) constitute a depth transect 

with water depths ranging from 1,900 to 3,200 m located within a tropical oxygen minimum 

zone that caused deposition of laminated organic-rich sediments of latest Albian to earliest 

Campanian age. Upper Cenomanian to Lower Turonian sediments on Demerara Rise are 

mainly expressed by distinctly laminated black shales with well-preserved fish debris and 

phosphatic nodules. Within this black shale sequence light-colored, laminated foraminiferal 

packstones and wackestones occur (Shipboard Scientific Party, 2004). A detailed 

sedimentological description is given by the Erbacher et al. (2004). 

 



4. Paleo-redox conditions during OAE 2 reflected in Demerara Rise sediment geochemistry 

79 
 

 

Figure 4.1 Geographic position of Sites 1257 - 1261 at Demerara Rise (ODP Leg 207). (Online 
Map Creation www.aquarius.geomar.de). 

 

Linear sedimentation rates (LSRs) were estimated by the Shipboard Scientific Party (2004) 

from age-depth plots by fitting curves to available biostratigraphic and paleomagnetic data 

over certain depth intervals. Poor preservation or even absence of microfossils and the 

ambiguous interpretation of paleomagnetic data limit the bio- and magnetostratigraphic age 

assignment in most of the black shale sequences (Cenomanian–Santonian). Therefore, 

LSRs calculated for these intervals (0.3-0.5 cm/ka at Sites 1257, 1258, and 1259 and 

slightly higher values of ~0.85 cm/ka at Sites 1260 and 1261) should be considered as 

imprecise estimates.  

Stable isotope stratigraphy provided by Erbacher et al. (2005) allows a detailed correlation 

of the investigated sites through the OAE 2 interval. At all studied sites, a distinctive positive 

carbon isotope excursion (~6.5 ‰) of the OAE 2 was identified (Fig. 4.2). The same authors 

were able to correlate a number of short-termed δ13Corg peaks and troughs within and 

above the excursion interval between the investigated sites. The events of this record 

include: (1) The onset of the excursion labeled “A”. (2) A short-termed minimum “B” (not 

present at Site 1260). (3) An interval “C” with δ13Corg values rising to -23 and -21 ‰. (4) The 
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final maximum value “D”. (5) A short positive peak “E” occurs during the general decrease 

in isotope values (not present at Site 1258). In addition, Erbacher et al. (2005) also 

correlated two peaks (“F” and “G”) located above the OAE 2 between the sites. Assuming a 

duration of ~400 ka for the interval between “A” (onset of excursion) and “D” (end of 

plateau) Erbacher et al. (2005) calculated average sedimentation rates between ~0.25 

cm/ka (Site 1260) and ~1 cm/ka (Site 1258) for the OAE 2. There is no more detailed 

information available about sedimentation rates for the intervals above and below OAE 2 or 

variations within this interval. 

 

In this study, two ODP sites along the Demerara Rise paleodepth-transect (Sites 1258 and 

1260, see Table 4.1) were chosen to reconstruct paleoenvironmental changes during the 

late Cenomanian to earliest Turonian black shale deposition interval. Depths are expressed 

in meters composite depth (mcd), following the shipboard splice between the different holes 

drilled at each site (Shipboard Scientific Party, 2004).  

 

Table 4.1 Drilling locations Site 1258 and 1260, ODP Leg 207. 

Site Hole Latitude Longitude waterdepth 
(mbsl) 

OAE 2 interval 
(mcd) 

SR 
(cm/ka) 

1258 A 9° 26.000’N 54° 43.999’W 3,192.2 425.95 - 422.18 ~1 
1258 B 9° 26.000’N 54° 43.982’W 3,192.2   
1258 C 9° 26.000’N 54° 43.966’W 3,192.2   
1260 A 9° 15.984’N 54° 32.633’W 2,548.8 426.34 - 424.94 ~0.25 
1260 B 9° 15.931’N 54° 32.652’W 2,548.8   

 
mbsl = meters below sealevel; mcd = meters composite depth; SR = sedimentation rate 
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Figure 4.2 Depth-profiles for TOC contents for the whole sediment column investigated (open 
circles) (Hetzel et al., 2006) and for Cenomanian/Turonian black shales at Demerara Rise, ODP 
Sites 1258 and 1260. Grey: OAE 2; δ13Corg-curve after Erbacher et al., 2005. 
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ODP Site 1258 

Site 1258 is located in a water-depth of 3,192.2 m below modern sea level (mbsl) on the 

gently dipping western slope (~2°) of Demerara Rise. It is the deepest location in the SE–

NW paleoceanographic depth transect across Demerara Rise (Shipboard Scientific Party, 

2004). The 4 m-thick OAE 2, as defined by the pronounced δ13Corg excursion, is located at 

a depth of 426 - 422 mcd (Erbacher et al., 2005). Based on δ13Corg measurements, 

Erbacher et al. (2005) described a hiatus in the uppermost part of the OAE. The sediments 

of the investigated section comprise finely-laminated dark shales with occasional beds of 

phosphatic nodules, stringers of very dark homogeneous shales, and rare concretionary 

limestone nodules. Thirty-three and a half meters (415-448.5 mcd, see Table 4.2) of upper 

Cenomanian to lowermost Turonian laminated black shale sediments were investigated 

from a spliced interval of Holes 1258A, 1258B, and 1258C. 845 samples were taken at 1 

cm resolution for the OAE 2 interval and at ~10 cm in underlying sediments. Assuming a 

sedimentation rate of ~1 cm/ka the studied interval covers a time span of ~3.35 Ma of 

deposition. 

ODP Site 1260 

Site 1260, in a water-depth of 2,548.8 mbsl, is positioned on the gently dipping (~1°) 

northwest-facing slope of Demerara Rise, at an intermediate depth in the SE-NW 

paleoceanographic depth transect. The 1.4 m thick OAE 2 is located between 426.4 and 

425.0 mcd, being thus much thinner than at Site 1258. Lithologically, the interval is very 

similar to Site 1258, although phosphatic nodules are not as common as at the deeper site 

(Erbacher et al., 2005). About 8.5 m of upper Cenomanian to lowermost Turonian laminated 

black shale sediments were sampled every ~5 cm (219 samples in total, see Table 4.2) 

from a spliced interval of Holes 1260A and 1260B. Sedimentation rates of the OAE 2 

interval are estimated to be on the order of approximately 0.25 cm/ka, thus leading to the 

same duration of ~3.4 Ma of deposition for the studied sequence. 

 

Table 4.2 Sampling Site 1258 and 1260. 

Site Sampled interval 
(mcd) 

Number of 
samples 

Time of 
deposition 

(Ma) 

Sampling 
resolution 

(cm) 

Sampling 
resolution 

(ka) 
1258 415.0 – 448.5 845 ~3.35 ~1 / ~10 ~1 / ~10 
1260 423.5 – 432.0 219 ~3.40 ~5 ~20 

 
mcd = meters composite depth 
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Analytical methods 

Sediments splits were freeze-dried, ground and homogenized in an agate ball mill. For X-

ray fluorescence (XRF) analysis (Philips® PW 2400 X-ray spectrometer), 600 mg of sample 

powder were mixed with 3600 mg of a 1:1 mixture of dilithiumtetraborate (Li2B4O7) and 

lithiummetaborate (LiBO2), or with 100% dilithiumtetraborate for carbonate-rich samples, 

preoxidized at 500°C with NH4NO3 (p.a.) and fused to glass beads. Total sulfur (ST) and 

total carbon (TC) were analyzed using an ELTRA® CS-500 IR-analyzer. Total inorganic 

carbon (TIC) was determined coulometrically by a UIC® CM 5012 CO2 coulometer coupled 

to a CM 5130 acidification module. Total organic carbon (TOC) was calculated as the 

difference between TC and TIC. Procedures and accuracy of the methods were checked 

with in-house reference materials (Prakash Babu et al., 1999; see Appendix A4.1). Different 

sedimentary sulfur fractions, chromium-reducible sulfur (SP, essentially pyrite), organic 

matter (essentially kerogen-bound organic sulfur, SORG) and acid volatile sulfur (SAVS) were 

separated quantitatively from powdered freeze-dried samples, as described by Böttcher et 

al. (2006). Chromium reducible sulfur, essentially pyrite sulfur, SP, was extracted for 2 h via 

hot acidic Cr(II)Cl2 (Zhabina and Volkov, 1978; Canfield et al., 1986; Fossing and 

Jørgensen, 1989). Liberated H2S was precipitated quantitatively in Zn acetate traps and 

measured spectrophotometrically (Cline, 1969). The organic sulfur fraction, SORG, was 

calculated as the difference of total sulfur and the sum of chromium-reducible sulfur 

(Böttcher et al., 2006). SAVS was extracted from selected samples from Site 1258 via 

anaerobic distillation with 6M HCl (1 h). Since FeS is not expected in the black shale 

samples to survive the diagenetic pyritization and lab-based freeze-drying process, the SAVS 

fraction is assumed to correspond to acid-volatile metal monosulfides. ZnS, for instance, 

that might have been formed in a euxinic water column, has been found in C/T samples in 

the present study via SEM-EDX, and has also been reported in Createceous black shales 

previously (Brumsack, 1980). ZnS would have survived burial and later sample handling. 

The amount of pyrite iron (FeP) was calculated from the SP content assuming ideal 

stoichiometry. This fraction essentially represents the total highly reactive iron fraction 

(Raiswell and Canfield, 1998; Poulton and Raiswell, 2002). To confirm this approach, iron-

oxide bound iron was separately determined in selected black shale samples from Sites 

1258 and 1260 and presented by Böttcher et al. (2006). As described in detail by these 

authors, iron(oxyhydr)oxide phases were extracted from sediment samples using a buffered 

solution of Na-dithionite and extracted iron was determined spectrophotometrically. It was 

found that this fraction is only present in very small amounts and that pyrite iron amounts to 
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96 - 99% of the total highly reactive iron pool. For samples from Site 1258 34S/32S ratios of 

the SP bound sulfur were determined by means of C-irmMS using a Eurovector 3000 

elemental analyzer (EA) coupled to a Thermo Finnigan MAT253 and are given in the δ-

notation versus the international V-CDT standard. Calibration of the mass spectrometer 

was carried using international IAEA and NBS reference materials. Sulfur isotope results for 

Site 1260 will be presented in a separate communication (Böttcher et al., in prep.). 

Finally, selected non-ground carbon-coated (BAL-TEC sputter-coating device SCD 005) 

freeze-dried sediment samples were investigated by means of energy-dispersive X-ray 

analysis on an Oxford Link ISIS 300 EDX-System with Pentafet S ATW Si-detector installed 

on a Zeiss DSM 940 scanning electron microscope (SEM). 

Results and discussion 

Preliminary remarks 

To account for dilution effects by varying carbonate or organic matter contents trace 

element contents were normalized to Al (TE/Al ratio). In cases of very low Al contents (see 

Fig. 4.3 and 4.4), normalization may lead to exaggerated peaks in TE/Al ratios, which has 

to be kept in mind when interpreting TE/Al profiles (van der Weijden, 2002). Some 

elements, like Al, Ti, K, Rb and Zr, are only present in the detrital component and are not 

influenced either by biogenic or diagenetic processes. Significant variations in TE/Al ratios 

of these elements therefore reveal changes in source area composition. While most of the 

investigated sediment intervals show TE/Al ratios similar to average shale (AS; Wedepohl 

1971, 1991), several sediment layers of one centimeter to several decimeters thickness 

were identified by characteristic TE/Al ratios. At Site 1260 a 35 cm thick interval (425.61-

425.96 mcd) within the OAE 2 is characterized by low K/Al (0.07, AS = 0.34), high Ti/Al 

ratios (0.102, AS = 0.053) and is depleted in Si (Si/Al 2.58, AS = 3.11; see Appendix A4.2). 

From macroscopic observation (Appendix A4.2b), this interval most likely is a diagenetically 

altered ash bed. At Site 1258, three sediment layers within OAE 2 (423.51-423.53 mcd, 

423.87-424.04 mcd, and 425.22-425.50 mcd) correspond to this layer, identified by similar 

disturbances in TE/Al profiles. At both sites abrupt changes in carbonate, TOC and TS 

contents from extremely high concentrations to near zero values can be identified. Light 

δ13C values of the carbonate in the discussed interval at Site 1260 (Friedrich, pers. 

communication) point towards the involvement of microbiological processes like anaerobic 

oxidation of methane (AOM) (e.g., Galimov, 2006). The production of bicarbonate by AOM 

could result in the precipitation of authigenic carbonates, and thus increase the degree of 
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carbonate diagenesis implying recrystalization of carbonates from foraminifera and 

nanofossils (Erbacher et al., 2004). With the geochemical methods applied (bulk element 

concentrations) the origin of the material can not be identified. To avoid misinterpretation of 

changes in element distribution patterns, samples from these intervals (7 samples from Site 

1260 and 27 samples from Site 1258) were excluded from following discussion regarding 

changes of redox-conditions and trace metal availability. As the bulk geochemistry of sites 

is similar, analytical results of discussed intervals are given as average values listed in 

Appendix A4.2c. 

Bulk parameters 

Figure 4.2 shows the depth profiles of total organic carbon (TOC) for the whole sediment 

column (data from Hetzel et al., 2006) and the upper Cenomanian to lower Turonian black 

shale sequences (C/T back shales), which are in the focus of this study.  

Sediments above these sequences are characterized by low TOC contents (<0.4 %). Below 

these intervals TOC contents decrease from ~10 % to ~1 % with increasing depth. The C/T 

black shales show varying TOC values: lowest contents (almost 0 %) in carbonate-rich 

layers and highest contents (30.2 % at Site 1258 and 23.1 % at Site 1260) within the OAE 2 

interval, which is identified by correlation with the δ13Corg curve from Erbacher et al. (2005) 

and marked in grey. 

Figures 4.3 and 4.4 show the bulk chemistry of the C/T black shales: As mentioned above, 

highly variable TIC contents (<0.2 - 11.8 %) lead to dilution effects, which are shown by the 

inverse distribution pattern for TIC and Al, representing terrigenous detritus. The TIC 

profiles display the light-dark cycles described by the Shipboard Scientific Party. Whereas 

the profile of Site 1260 suggests a regular cyclicity possible modulated by orbital forcing, 

carbonate contents of Site 1258 show a less regular distribution pattern despite higher 

resolution (see Table 4.2). For both sites, time series analysis of our high-resolution TIC 

data does not evidence orbital cyclicity. 

Nederbragt et al. (2007) analyzed the cyclicity during the Mid-Cretaceous at Demerara 

Rise. Due to the irregular spacing of the carbonate-rich and organic-rich cycles (lack of 

precise age control, variable sedimentation rates and/or degree of compaction and minor 

hiatuses), the authors concluded instead of establishing a continuous cyclostratigraphy for 

the entire organic-rich unit to perform time series analysis of sediment color data in selected 

intervals in combination with thin section analysis of representative lithologies. They found 

that cyclic variation in lithology at Demerara Rise is inferred to represent eccentricity and 

precession cycles with a weak obliquity component. For analysis of the cyclicity during OAE 
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2 the authors examined two cores from Site 1258 and 1260. Both, precession and 

eccentricity cycles were found. 

To better compare TOC and ST contents for Demerara C/T black shales with other C/T 

sections we calculated TOCcf and ST cf for a carbonate-free sediment. Profiles are given in 

Figure 4.3 and 4.4 beside profiles of absolute concentrations. For Site 1258 most of the 

TOC values vary between ~0.5 and ~15 %. Adjusting for dilution by carbonate resulting 

TOCcf values are quite higher (~10 - ~25 %). Some intervals of half a meter thickness are 

characterized by TOC contents >20 %. These peaks are distributed right below, within and 

above OAE 2. For Site 1260 the TOC contents vary between ~0.5 and ~12 % and on a 

carbonate free basis TOCcf values fall between ~15 and ~22 %. Highest TOC contents (>15 

%) are found within OAE 2. 

Average contents below, within and above OAE 2 (Table 4.3) show higher TOC and lower 

TIC contents for Site 1258 in comparison to Site 1260. For both sites, average TOC values 

are in the same range (TOC: 6.9 - 10.1 %; TOCcf: 17.6 - 19.3 %) below and above the OAE 

2 and slightly higher during the OAE 2 with 17.8 % (TOCcf 22.4 %) at Site 1258 and 12.1 % 

(TOCcf 22.8 %) at Site 1260. The same is true for ST  values with 1.5 - 2.4 % (ST cf 3.8 - 4.7 

%) below and above and 5.0 % (ST cf 6.3 %) within the OAE 2 at Site 1258 and 3.4 % (ST cf 

6.5 %) within the OAE 2 at Site 1260. 
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Figure 4.3 Depth-profiles for TOC, TIC, Al, ST, SORG, SP, SAVS and FeT for Cenomanian/Turonian 
black shales at Site 1258. TOCcf and ST cf are calculated for carbonate-free sediment. δ34S of 
pyrite, FeT/Al ratios as well as FeP/FeT ratios are also shown. Grey: OAE 2; grey solid line: 
element/Al ratio of to 'average shale' (AS) (Wedepohl, 1971, 1991); dashed line: quantification 
limit (see Appendix A4.1). 
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Figure 4.4 Depth-profiles for TOC, TIC, Al, ST, SORG, SP and FeT for Cenomanian/Turonian black 
shales at Site 1260. TOCcf and ST cf are calculated for carbonate-free sediment. FeT/Al ratios as 
well as FeP/FeT ratios are also shown. Grey: OAE 2; grey solid line: element/Al ratio of 'average 
shale' (AS) (Wedepohl, 1971, 1991); dashed line: quantification limit (see Appendix A4.1). 
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Table 4.3 Comparison of average element contents and element/Al ratios Cenomanian/Turonian 
black shales of Demerara Rise and ‘average shale’. 

  1258 1258 1258 1260 1260 1260 Average shale 

  below  
OAE 2 

within  
OAE 2 

above  
OAE 2 

below  
OAE 2 

within  
OAE 2 

above  
OAE 2 

(Wedepohl, 
1971, 1991) 

  (n=347) (n=197) (n=274) (n=129) (n=26) (n=57)  
ST % 1.71 4.97 2.35 1.45 3.43 1.69 0.24 

TIC % 6.20 2.46 5.00 7.59 5.76 6.34 0.35 
TOC % 7.83 17.82 10.13 6.89 12.12 7.54  

Si % 11.61 14.66 11.43 6.64 8.06 9.14 27.53 
Ti % 0.08 0.14 0.12 0.08 0.10 0.10 0.46 
Al % 1.68 2.90 2.57 1.47 2.17 2.18 8.84 

FeT % 0.88 2.17 1.19 0.76 1.65 0.97 4.80 
Mg % 0.47 0.46 0.57 0.47 0.47 0.60 1.60 
Ca % 21.37 9.44 18.27 26.04 20.20 22.32 1.57 
Na % 0.68 1.16 0.99 0.74 0.86 0.82 1.19 

K % 0.45 0.89 0.74 0.43 0.65 0.69 2.99 
P % 0.25 0.15 0.54 0.29 0.22 0.52 0.07 

As ppm 13 25 21 18 25 16 10 
Ba ppm 260 542 612 343 746 642 580 
Co ppm 3 13 5 3 9 4 19 
Cr ppm 121 70 149 109 82 145 90 
Cu ppm 58 68 70 53 68 63 45 
Mn ppm 7 50 27 0 14 7 850 
Mo ppm 80 40 95 62 33 38 1 
Ni ppm 126 169 149 108 144 92 68 

Rb ppm 21 30 30 19 22 26 140 
Sr ppm 593 653 716 923 952 792 300 
U ppm 12 17 18 16 18 12 4 
V ppm 1058 370 1173 1386 554 899 130 
Y ppm 12 29 23 13 23 19 41 

Zn ppm 578 138 968 879 382 701 95 
Zr ppm 28 38 36 27 33 34 160 

ST cf % 3.83 6.26 4.36 4.04 6.47 4.70 0.25 
TOCcf % 17.64 22.40 18.30 18.74 22.80 19.30  
ST/Al  1.05 1.75 1.05 1.06 1.67 1.54 0.03 

TOC/Al  4.85 6.32 4.40 4.94 5.93 5.98  
Si/Al  7.79 5.81 4.76 4.49 3.72 4.24 3.11 
Ti/Al  0.05 0.05 0.05 0.05 0.05 0.05 0.05 

FeT/Al  0.55 0.76 0.50 0.58 0.80 0.74 0.54 
Mg/Al  0.57 0.17 0.25 0.55 0.25 1.39 0.18 
Ca/Al  42.97 4.36 11.69 43.01 13.87 121.32 0.18 
Na/Al  0.43 0.41 0.42 0.57 0.42 0.58 0.13 

K/Al  0.28 0.31 0.29 0.32 0.31 0.40 0.34 
P/Al  0.13 0.05 0.20 0.17 0.12 0.23 0.01 

As/Al  10-4 9.3 8.8 8.4 14.3 12.5 13.6 1.1 
Ba/Al  10-4 190.8 188.1 239.0 271.8 345.2 531.6 65.6 
Co/Al  10-4 2.1 4.4 2.3 2.2 4.4 3.2 2.1 
Cr/Al  10-4 68.8 24.0 50.7 75.1 37.5 57.7 10.2 
Cu/Al  10-4 36.0 24.0 27.4 38.9 30.5 45.9 5.1 
Mn/Al  10-4 9.2 18.4 23.2 0.1 5.9 36.2 96.2 
Mo/Al  10-4 50.0 14.3 40.4 49.4 16.7 20.3 0.1 
Ni/Al  10-4 77.8 59.5 62.0 85.0 73.0 47.6 7.7 

Rb/Al  10-4 11.5 10.2 11.3 12.1 10.7 10.6 15.8 
Sr/Al  10-4 584.4 241.5 349.0 1019.4 541.5 1425.7 33.9 
U/Al  10-4 9.7 6.2 8.5 14.5 10.8 17.9 0.4 
V/Al  10-4 654.8 127.0 461.7 1010.1 294.5 439.8 14.7 
Y/Al  10-4 8.9 10.1 10.2 10.6 13.1 17.0 4.6 

Zn/Al  10-4 316.0 48.1 355.9 581.4 154.0 251.1 10.7 
Zr/Al  10-4 20.7 13.5 14.9 22.4 17.1 31.8 18.1 

 
Italics: average values below quantification limit (see Appendix A4.1). 

 

 



4. Paleo-redox conditions during OAE 2 reflected in Demerara Rise sediment geochemistry 

90 
 

Iron 

Figures 4.3 and 4.4 show profiles of total iron and Al-normalized iron contents. Only for 

some carbonate-rich layers Fe contents are below the quantification limit of 0.33 % (e.g. 

~424 mcd at Site 1260) and FeT/Al peaks may be exaggerated (see Preliminary remarks) 

due to inaccuracies of measurements of Fe and Al close to or below the quantification limit. 

Besides these peaks, the FeT/Al profiles show an almost constant value close to AS. 

Assuming severe oxygen-deficiency, as evidenced by sediment lamination for the black 

shale sequence of Demerara Rise, the almost constant average shale-like values of FeT/Al 

imply anoxic but not euxinic (no free H2S in the water column) conditions during deposition. 

FeT/Al ratio of the sediment is neither decreased via mobilization of iron(hydr)oxides under 

suboxic conditions nor increased via precipitation of dissolved Fe species as sulfide in the 

overlying water column under euxinic conditions. During OAE 2 FeT/Al mean values 

increase to 0.76 (Site 1258, maximum 1.72) and 0.80 (Site 1260, maximum 1.89), owing to 

an increase in total FeT contents. This indicates an additional Fe-source during deposition 

of this interval. In analogy to the modern Black Sea reductive Fe mobilization in nearshore 

areas or enhanced fluvial input are likely causes for the observed Fe-enrichment (e.g., 

Lyons and Severmann, 2006). In the case of the modern Black Sea FeT/Al-ratios are 

increasing with water depth (e.g., Wijsman et al., 2001) because syngenetic iron sulfides 

form an increasing part of bulk sedimentary iron. This model requires truly euxinic 

conditions, besides the existence of a zone where reducing but non-sulfidic conditions 

prevail, allowing Fe transport from shallow to deep sites (e.g., Lyons and Severmann, 

2006). The increase of the ratio of pyrite iron to total iron, FeP/FeT, from a mean value of 

0.44 below and above to about 0.64 (Table 4.4) within OAE 2 indicates the addition of 

syngenetic water column-derived pyrite (Raiswell and Canfield, 1998; Poulton and Raiswell, 

2002; Böttcher et al., 2006, and references therein). Together with previous measurements 

on the detailed reactive iron speciation of Leg 207 sediments (Böttcher et al., 2006), these 

findings are confirmed by the Al-normalized iron contents, as discussed above.  
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Figure 4.5 Ternary Plot: Degree of pyritization of Cenomanian/Turonian black shales at 
Demerara Rise in the Fex – TOC – ST • 2 system (relative weight ratios). Reactive Fex is 
calculated with Fex = FeT – 0.25 • Al. Data point for pyrite is also shown. 

 

Figure 4.5 presents the analytical data of Sites 1258 and 1260 in a ternary FeX-ST-TOC plot 

(Brumsack, 1988; Dean and Arthur, 1989; Brumsack et al., 1995). The represented data 

within the OAE all plot below the pyrite-saturation line indicating, that under iron-limited 

conditions, some (excess) sulfide and/or sulfur intermediates were able to react with 

organic matter to form organic sulfur compounds. 

 

Table 4.4 Average pyrite sulfur (SP), pyrite iron (FeP), acid volatile sulphur (SAVS), calculated 
organic sulfur (Sorg) and ratio of pyrite (reactive) iron to total iron (see Table 4.3). 

  1258 1258 1258 1260 1260 1260 
  below OAE 2 within OAE 2 above OAE 2 below OAE 2 within OAE 2 above OAE 2 
  (n=19) (n=18) (n=12) (n=16) (n=22) (n=13) 
SP % 0.42 1.68 0.60 0.38 1.14 0.52 
FeP % 0.36 1.46 0.52 0.33 0.99 0.45 
SAVS ppm 22.4 (n=17) 0.5 (n=13) 12.2 (n=11)    

Sorg % 1.25 4.39 1.69 1.14 2.31 1.41 
FeP/FeT   0.41 0.67 0.44 0.43 0.60 0.46 
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Sulfur and sulfur isotopes 

Dissimilatory sulfate reduction leads to the formation of hydrogen sulfide that may transform 

reactive iron to iron sulfides (essentially pyrite, FeS2; including framboidal pyrite Fig. 4.6) 

and, under iron limited conditions with organic matter to form organic sulfur compounds 

(e.g., Werne et al., 2004). The profiles of SP and SORG show elevated values during OAE 2 

at both sites (Fig. 4.3 and Fig. 4.4; see also Table 4.4). Below OAE 2 SP values are ~0.4 % 

(ca. 25 rel% of ST) and SORG ~1.2 % (respectively ca. 75 rel% of ST). At Site 1258, SP 

contents rise to ~1.7 % (maximum >2.5 %) and SORG to ~4.4 % (maximum >7.7 %) within 

the OAE 2 interval, thus the proportion of pyrite sulfur increases to ca. 28 rel% of total 

sulfur. Although absolute values are not as high as at Site 1258, the pyrite sulfur fraction at 

Site 1260 reaches even ca. 33 rel% with 1.1 % SP (maximum >3.1 %) and 2.3 % SORG 

(maximum >6.6 %) during OAE 2. Above OAE 2 the proportional composition of different 

sulfur species nearly equals the composition below with ~0.5 % SP and ~1.4 % SORG 

(SP:SORG = 26:74 rel%) at both sites.  

 

 

Figure 4.6 EDX-Scan and SEM of a pyrite framboid from Site 1258B-45-4 138-139cm, 422.98 
mcd (within OAE 2). 
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The relationship of SP with TOC data is presented in Figure 4.7a and compared to the 

relationship proposed for “normal marine sediments” (Berner and Raiswell, 1983). Only a 

few data points coincide with the relation found for clastic sediments below an oxic water 

column (dashed line in Fig. 4.7a). A number of data points plot above the regression line, 

indicating an excess of sulfur that may be due to euxinic depositional conditions. At highest 

TOC contents, however, most data show a relative excess of organic matter (OM). The 

indicated iron-limitation during black shale deposition has also been found for the modern 

Black Sea sapropel and Mediterranean sapropels (e.g., Lyons and Berner, 1992; Passier et 

al., 1999b; Böttcher et al., 2006). SP in the investigated black shale samples makes up 

between 30 % and 100 % of ST, with a decrease of the relative amount of SP with 

increasing OM content. This indicates the importance of the balance between organic 

matter and the syngenetic metal flux to the surface sediments in controlling the sedimentary 

sulfur speciation. In addition to fixation of sulfide by the reaction with iron, organic matter 

acted as the second important sulfur trap during early diagenesis. From molecular analysis 

of the preservation pathways of sedimentary organic carbon in a euxinic environment 

Hebting et al. (2006) proposed that sulfides produced by bacterial sulfate reduction play a 

major role for the reductive alteration and thus preservation of organic carbon. From the 

nearly linear variation of organic sulfur and organic carbon contents (Fig. 4.7b), essentially 

constant atomic SORG/TOC ratios are obtained. Quantitatively, the samples with TOC 

contents exceeding ~2 wt% have as much as 10 atom% organic sulfur. Most of the atomic 

S/C ratios fall in the range of 0.04 to 0.06, which is within the range reported for sapropels 

from the Mediterranean and Black Sea (Passier et al., 1999b; Böttcher et al., 2006). The 

almost linear relationship between TOC and SORG may be caused by a constant relative 

proportion of organic matter fractions available for diagenetic sulfurization. 
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Figure 4.7 (a) Pyrite sulfur (SP) versus TOC and (b) organic sulfur (SORG) versus TOC for 
Cenomanian/Turonian black shales at Site 1258 and Site 1260 (this study) and black shale 
samples from Sites 1257, 1259 and 1261 (Böttcher et al., 2006). Dashed line marks the 
relationship derived for normal marine sediments as defined by Berner and Raiswell (1983). 
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The downcore variation of the stable sulfur isotope composition of pyrite at Site 1258 

displays a range in δ34S values between -28.2 and +0.2 ‰ (average -15.4 ± 8.3 ‰; n=41) 

during OAE 2, with an inverse relationship to the δ13C values (Fig.4.3, Table 4.5). The sulfur 

isotope variations observed in the sedimentary pyrite pool are much more pronounced than 

those observed in the global seawater sulfate at this time (Paytan et al., 2004). This 

indicates that sulfur isotope discrimination was controlled by changes in sedimentary 

conditions and was higher during times of enhanced burial of OM. This can be caused by a 

lower burial efficiency of reduced sulfur and/or higher contributions from the oxidative part 

of the sulfur cycle (in the water column or in surface sediments). A similar trend and 

magnitude of sulfur isotope discrimination was found in the C/T sediments of different sites 

in the Tarfaya basin (e.g., Kolonic et al., 2002; Böttcher et al., unpubl. data). For instance 

for the pyrite fraction Böttcher et al. (unpubl. data) obtained ranges at Site S13 (-18.9 to 

+2.5 ‰, average -10.2 ± 7.8 ‰; n=9), at S57 (-28.8 to -8.8 ‰, average -17.6 ± 5.1 ‰; 

n=29), and S75 (-20.6 to -8.7 ‰, average -15.7 ± 3.2 ‰; n=17). This similarity suggests a 

common control of the overall sedimentary sulfur isotope signal for the CTBE in the 

southern North Atlantic independent of paleo-water depths. The stratigraphic trend of the 

sulfur isotope ratios shows that pyrite isotope data go through a minimum similar to 

previous observations at Tarfaya (Kolonic et al., 2002; Böttcher et al., unpubl. data). We 

relate the most negative values to an increased contribution of syngenetic pyrite, sulfur 

derived from the oxidative part of the biogeochemical sulfur cycle, and mostly changes in 

other factors (e.g., the quality of organic matter) influencing overall sulfur isotope 

discrimination. 

 

Table 4.5 Average δ34S of pyrite sulfur (SP) for Cenomanian/Turonian black shales of Site 1258. 

  1258 1258 1258 
  below OAE 2 within OAE 2 above OAE 2 

  (n=16) (n=12) (n=13) 
δ34SP ‰ -8.4 -24.4 -15.6 
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Figure 4.8 δ34S of pyrite versus pyrite iron (FeP) for Cenomanian/Turonian black shales at Site 
1258. 

 

Most lighter sulfur isotope data are found during OAE 2 compared to sediments outside 

OAE 2 (Fig.4.8), and these are associated with highest contents of pyrite-iron. This is in 

agreement with findings of Gauthier (1987) on Cretaceous black shales from the Western 

Interior Seaway. Taking the sulfur isotopic composition for seawater sulfate during the 

Cenomanian/Turonian to be around +15 ‰ (Strauss, 1999; Paytan et al., 2004), and 

assuming that pyrite mainly formed under conditions that were open with respect to 

dissolved sulfate (Hartmann and Nielsen, 1969), e.g., in the water column or close to the 

sediment-water interface, an overall sulfur isotope fractionation of 15 to 42 ‰ is estimated 

for Site 1258. This is within the range found in studies with pure cultures of sulfate-reducing 

bacteria (e.g., Brunner and Bernasconi, 2005), but is smaller than values found in C/T 

sediments from the northern North Atlantic (Böttcher and Kuypers, unpubl. data), in the 

Pliocene TOC-rich sapropels of the deep Mediterranean (Passier et al., 1999a; Böttcher et 

al., 2003), in the modern euxinic Black Sea (Neretin et al., 2004; Böttcher et al., 2004), and 

in sediments from the Great Australian Bight (Wortmann et al., 2001). Higher contributions 

from the oxidative part of the sulfur cycle (microbial disproportionation of sulfur 

intermediates) and/or lower cellular sulfate reduction rates or specific bacterial communities 

may be responsible for the development of the different characteristic sulfur isotope signals. 
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Redox-sensitive and sulfide forming trace metals 

Manganese 

The C/T black shales of Demerara Rise are characterized by very low Mn-concentrations 

(Fig. 4.9). For most of the samples the Mn contents are below the XRF quantification limit of 

78 ppm. At Site 1258, for sediments below 427.7 mcd Mn values are below the detection 

limit, which is defined as half the quantification limit. Right below, within and above OAE 2, 

Mn contents are higher and reach the detection limit of 39 ppm. Within OAE 2, Mn values 

show a high variability between detection limit and 426 ppm, with a mean value of ~ 50 ppm 

and a standard deviation of the same order (49 ppm). Above OAE 2 (421.63-421.03 mcd) a 

clear peak in absolute Mn concentrations with a maximum value of 217 ppm can be 

recognized. This peak can be correlated to a peak in TIC. Since Mn concentrations often 

are below the quantification limit, Mn/Al ratios have to be considered with caution. A 

maximum Mn/Al ratio of 466 10-4 at 421.63-421.03 mcd represents a significant Mn 

enrichment in comparison to the Mn/Al ratio of 96 10-4 for average shale (Wedepohl, 

1971, 1991). The same is true for certain intervals within OAE 2. For samples close to the 

onset and termination of OAE 2, the enrichments in Mn are less pronounced. 

At Site 1260 Mn concentrations in all samples are below the quantification limit. Only a few 

samples attain the detection limit of 39 ppm: One interval above OAE 2 (423.99-424.04 

mcd) reaching Mn values up to 77 ppm can again be correlated to a carbonate peak. Within 

OAE 2 Mn concentrations vary between 0 and 46 ppm. 

Extremely low Mn/Al ratios in C/T black shales of Demerara Rise indicate that Mn was 

either reduced within the water column before sedimentation or upon early diagenesis in an 

environment open to dissolved Mn(II) loss as provided by an expanded oxygen-minimum-

zone (OMZ), like the modern upwelling zones off Peru (Böning et al., 2004) or in the Gulf of 

California (Brumsack, 1989). Thurow et al. (1992) found a similar mobilization of Mn at the 

Northwest Australian margin during OAE 2. The authors described Mn-poor sediments 

within the OMZ and Mn-rich sediments below the OMZ, indicating oxic deep waters during 

the C/T interval at this location. 

A possibility for the observed Mn-enrichment might be the fixation of dissolved Mn(II) as 

mixed Mn-Ca-carbonates under conditions where Mn was enriched. Brumsack (2006) 

suggests that overgrowths of early diagenetic Mn-carbonate on pre-existing carbonate tests 

might be responsible for Mn enrichment in Black Sea sediments. Pre-existing carbonates 

may act as an efficient trap for diagenetically mobilized Mn(II) (Boyle, 1983; Gingele and 

Kasten, 1994; Böttcher, 1997).  
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Figure 4.9 Depth-profiles for Mn, Mn/Al, Co and Co/Al for Cenomanian/Turonian black shales at 
Site 1258 and Site 1260. Grey: OAE 2; grey solid line: element/Al ratio of 'average shale' (AS) 
(Wedepohl, 1971, 1991); dashed line: quantification limit (see Appendix A4.1). 
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At Demerara Rise elevated Mn/Al ratios are only seen in distinct horizons with high 

carbonate contents below (Site 1258) and above OAE 2 (Site 1258 and Site 1260). We 

therefore relate these Mn/Al peaks in C/T black shales to carbonate diagenesis. There is no 

correlation to FeT/Al ratios that would point to simultaneous mobilization from suboxic 

sediments and precipitation under sulfidic conditions as described by Lyons and 

Severmann (2006).  

The higher Mn contents at Site 1258 might originate from the position in greater paleo water 

depths. Assuming the existence of an OMZ, Site 1258 might be located below the OMZ 

where during times of weaker anoxia, Mn(IV)-bearing phases reached the sediment and 

later were transformed into mixed Ca-Mn-carbonates. 

Within OAE 2, Mn values show a high variability as described above. As all OAE 2 samples 

with higher Mn/Al ratios are located near the presumed “ash-layers”, the import of Mn(IV)-

bearing phases could also be attributed to the different detritus composition (average Mn 

contents: 332 ppm compared to 17 ppm mean value for all C/T black shales of this study, 

see Appendix A4.2c). If Mn was released to the pore space after burial, Mn concentrations 

in the pore water within these “ash-layers” and adjacent intervals might have been higher. 

Because TIC contents are not elevated (1.7-8.1 %, mean value 5.6 %), precipitation of Mn-

carbonate is questionable in these intervals. 

Besides increased availability of dissolved Mn, pore volume may influence the potential for 

precipitation of Mn-bearing minerals during diagenesis. The carbonate-rich layers with 

elevated Mn contents are visually affected by carbonate diagenesis, e.g., precipitation of 

calcite (Erbacher et al., 2004). Increased pore volume, either through the occurrence of 

foraminiferal packstones or of “ash-like” layers, may have favored authigenic formation of 

Mn-bearing minerals. 

Cobalt 

Under oxygen depleted conditions like in an OMZ, Mn-and Fe-oxi/hydroxide-associated Co 

would be mobilized and transported away. In Gulf of California upwelling sediments 

(Brumsack, 1989) or the Peruvian margin (Böning et al., 2004), Co is depleted similar to 

Mn. In contrast to Mn, which forms stable sulfides only under very special conditions, Co 

precipitates as CoS when free hydrogen sulfide is present (Heggie and Lewis, 1984; 

Gendron et al., 1986). 

The profiles of Co concentration (Fig. 4.9) at Site 1258 and Site 1260 show that nearly all 

sediments below and above OAE 2 are characterized by very low Co concentrations (often 

below the quantification limit of 9 ppm). Co/Al ratios for Demerara Rise C/T black shales 
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below and above OAE 2 are similar to the Co/Al ratio of average shale (2.1 10-4; 

Wedepohl, 1971, 1991). Within OAE 2, Co/Al ratios increase to a mean value of 4.4 10-4 

at both sites with maximum values of 9.4 10-4 at Site 1258 and 10.3 10-4 at Site 1260. 

Thus, the Co distribution is quite similar to the Fe distribution: Under reducing conditions 

the constant average shale-like value of Co/Al rather indicates fixation of dissolved Co as 

sulfide than preservation of particulate Co-bearing (hydr)oxide phases. As the Co increase 

during OAE 2 requires an additional Co-source during deposition, we assume a transport 

mechanism analogous to Fe from nearshore areas, where reducing but non-sulfidic 

conditions mobilize additional Co, which is then fixed under truly euxinic conditions further 

offshore. 

Zinc 

Cretaceous black shales are known to be highly enriched in Zn. Brumsack (2006) gives a 

Zn/Al ratio 459 10-4 as a C/T mean value (AS = 10.7 10-4; Wedepohl 1971, 1991). 

Hetzel et al. (2006), found 370 10-4 as a mean value of the Cretaceous black shales of 

Demerara Rise (all sites). The high-resolution study of the C/T interval presented here 

reveals considerable variability in Zn/Al ratios (Fig. 4.10). The depth profile of Site 1258 

shows Zn/Al ratios in the same order of magnitude as described by Hetzel et al. (2006) 

below and above OAE 2 (mean values of 316.0 10-4 and 355.9 10-4, respectively; see 

Table 4.3). The maxima below and above OAE 2 correspond to maxima in the SAVS profile, 

indicating the presence of metal sulfides other than pyrite. At Site 1260, the Zn/Al ratios are 

slightly higher below OAE 2 (mean value 581.4 10-4), while above OAE 2 ratios are lower 

(mean value 251.1 10-4). At both sites a distinct decrease in Zn/Al ratios during OAE 2 

can be observed (mean values 48.1 10-4 at Site 1258 and 154.0 10-4 at Site 1260).  

Addressing the distribution patterns of Co and Zn discussed above we found two different 

enrichments patterns for these trace metals, both known to be enriched in C/T black shales 

(Brumsack, 2006) by forming stable sulfides. Whereas C/T black shales from Demerara 

Rise are enriched in Co during OAE 2, but not before and thereafter, the enrichment in Zn 

is present throughout the studied interval and displays a rapid decrease in the degree of 

enrichment within OAE 2. 

Molybdenum and Vanadium 

Overall, element/Al ratios of both Mo and V show clear enrichments in C/T black shales of 

Demerara Rise (mean Mo/Al = 28.2 10-4, AS = 0.15 10-4, mean V/Al = 443.8 10-4, AS 

= 14.7 10-4; Wedepohl 1971, 1991; Fig. 4.10). Mo and V are relatively unreactive in oxic 
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seawater, but are known to be concentrated in sediments overlain by anoxic waters 

(Brumsack and Gieskes, 1983; Brumsack, 1986). 

Vanadium in oxic seawater should be present as V(V). Under moderately reducing 

conditions, V(IV) forms vanadyl ions (VO2-) that may be removed to the sediment by 

surface adsorption processes or by formation of organometallic ligands (Emerson and 

Huested, 1991; Morford and Emerson, 1999). Under more reducing conditions, the 

presence of free H2S released by bacterial sulfate reduction causes V to be further reduced 

to V(III), which can be taken up by geoporphyrins or be precipitated as the solid oxide V2O3 

or hydroxide V(OH)3 phase (Breit and Wanty, 1991; Wanty and Goldhaber, 1992). 

The stable oxidation state of Mo in oxic seawater is Mo(VI). Reduction of Mo(VI) to Mo(IV) 

and authigenic enrichment in sediments occur under euxinic conditions (Crusius et al., 

1996) possibly via diffusion across the sediment-water interface (Emerson and Huested, 

1991). Helz et al. (1996) suggested a threshold concentration for H2S, above which Mo is 

transformed to particle-reactive thiomolybdates that are scavenged by forming bonds with 

metal-rich particles, sulfur-rich OM and pyrite. 

Tribovillard et al. (2006) addressed the reconstruction of the redox environment of 

sediments overlain by oxygen-depleted waters via the combined use of different trace 

metals. While V is reduced and can accumulate under denitrifying conditions, Zn and Mo 

are enriched mainly under sulfate-reducing conditions. Thus, in the case of V enrichment 

without Mo enrichment, the authors postulate suboxic/anoxic depositional conditions 

without free H2S, whereas sediments exhibiting concurrent enrichments in V and Mo reflect 

euxinic conditions at the sediment-water interface or in the water column (Algeo and 

Maynard, 2004; Tribovillard et al., 2004). As the C/T black shales of Demerara Rise are 

clearly enriched in both, Mo and V, this simplified distinctive feature would hint to euxinic 

conditions for the depositional environment. 
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Figure 4.10 Depth-profiles for Mo, Mo/Al, V, V/Al, Zn and Zn/Al for Cenomanian/Turonian black 
shales of Site 1258 and Site 1260. Grey: OAE 2; grey solid line: element/Al ratio of 'average 
shale' (AS) (Wedepohl, 1971, 1991); dashed line: quantification limit (see Appendix A4.1). 
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From positive correlations of Mo with sulfurized OM in ancient marine black shales, 

Tribovillard et al. (2004) emphasized Mo trapping by sulfur-rich OM. No correlation of Mo 

with pyrite accumulation could be found. Instead, the reduced availability of reactive Fe may 

favor Mo accumulation, as significant OM sulfurization is only possible when reactive iron is 

limited. As shown above, we find iron-limitation in most of the studied intervals and an 

enhanced OM sulfurization during OAE 2. Following the arguments of Tribovillard et al. 

(2004), we would expect an increase in Mo enrichment during OAE 2. Instead, a clear 

decrease is visible, implying that other factors influenced Mo accumulation as well. 

Probably, the concentration of dissolved sulfide in the water column that affected aqueous 

Mo speciation may have influenced the efficiency of Mo fixation (Neubert et al., 2008). 

For anoxic basins, Emerson and Huested (1991) showed that the concentrations of Mo and 

V in the water column are usually lower than in oxic seawater due to their uptake into highly 

anoxic sediments. As no systematic relationship between the deep-water Mo or V 

concentrations and H2S content was found, the authors concluded that concentrations of 

Mo and V are rather controlled by their flux to sediments and water renewal from outside 

the basins than by changes in water column anoxia. Algeo and Lyons (2006) analyzed Mo-

TOC relationships in sediments from anoxic environments characterized by different 

degrees of hydrographic restriction. In silled anoxic basins, decreasing Mo/TOC ratios with 

increasing degree of restriction imply that sedimentary Mo concentrations were controlled 

by Mo availibilty from the overlying water column, and thus by resupply of Mo via deepwater 

renewal. Algeo and Lyons (2006) termed this drawdown of Mo concentrations in deep water 

during stagnant intervals the “basin reservoir effect”. 
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Figure 4.11 (a) Depth-profiles for Mo/TOC, V/TOC and Zn/ST for Cenomanian/Turonian black 
shales at Site 1258 and Site 1260. Grey: OAE 2. (b) X-Y-Plots for Mo versus TOC, V versus TOC 
and Zn versus ST. Slopes of regression lines (solid for Site 1258, dashed line for Site 1260) are 
given in units of 10-4. 
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Figure 4.11 shows Mo/TOC profiles as well as X-Y-plots of Mo versus TOC. Mo/TOC 

values vary between ~5 10-4 and ~20 10-4 for sediments deposited before OAE 2. 

Similar to Mo/Al, Mo/TOC ratios decrease rapidly at the onset of OAE 2, staying low during 

OAE 2, before a slight increase is visible after OAE 2. The slopes of regression lines for X-

Y-plots of Mo versus TOC give similar low Mo/TOC ratios for samples within the OAE 2 

interval at both sites (2.3 10-4 at Site 1258 and 2.4 10-4 at Site 1260). These values are 

even lower than the value of Mo/TOC = 4.5 ± 1 10-4 reported by Algeo and Lyons (2006) 

for the Black Sea. Regression lines for samples deposited before OAE 2 give Mo/TOC 

values of 10.7 10-4 at Site 1258 and 8.8 10-4 at Site 1260. The increase in Mo/TOC 

ratios after OAE 2 is less pronounced at Site 1260 (Mo/TOC = 5.2 10-4) than at Site 1258 

(Mo/TOC = 9.4 10-4). 

As V burial under anoxic conditions is also known to be linked to OM (Breit and Wanty, 

1991; Emerson and Huested, 1991; Morford and Emerson, 1999), we analyzed V/TOC 

ratios analogues to Mo and Zn/ST ratios as Zn is known to form stable sulfides if H2S is 

present (Jacobs et al., 1985) (Fig. 4.11). Both, V and Zn, show the distinct decrease relative 

to TOC and ST during OAE 2 pointing to decoupling of OM burial, sulfidization and TM 

availability during OAE 2. 

Figure 4.12 shows the enrichment factors relative to average shales for FeT, Co, Mo, V and 

Zn for Sites 1258 and 1260, and for C/T mean values (Brumsack 2006). The enrichment 

factor for FeT is ~ 1 at Site 1258 below and above the CTBE and at Site 1260 below the 

CTBE, indicating Fe/Al ratios similar to average shale. The observed enrichment in 

sediments of Site 1260 above the CTBE may be an artefact owing to normalization of 

values close to the Fe and Al detection limit in carbonate-rich sediments (see Fig. 4.4, ~ 

424 mcd). As described above, the distribution patterns of Co are similar to those of FeT.  

Zn, Mo and V show similar enrichment patterns, with highest values below, intermediate 

values above, and lowest values within OAE 2. At Site 1258, Mo, V and Zn are enriched to 

similar degrees below and above OAE 2. The decline of enrichment during OAE 2 is more 

pronounced than for Site 1260. Overall, the degrees of enrichment of Mo, V and Zn are 

similar to other C/T sediments listed by Brumsack (2006). Only the sediments deposited 

during OAE 2 at Site 1258 are characterized by less pronounced Mo, V and Zn enrichments 

relative to other C/T black shales. 
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Figure 4.12 Mean enrichment factors (EF) of FeT, Co, Mo, V and Zn relative to 'average shale' 
(AS) (Wedepohl, 1971, 1991) for Cenomanian/Turonian black shales at Demerara Rise. EF = 
element/Al(sample)/element/Al(AS). (a) Site 1258, (b) Site 1260. Dashed lines: EF for C/T mean 
values (Brumsack, 2006). 

 

In summary, we suggest two important mechanisms affecting FeT and trace metal 

distribution patterns in C/T black shales at Demerara Rise: 

Locally, Mn depletion hints to reducing conditions an open-marine environment, e.g. an 

OMZ. FeT and Co enrichments during OAE 2 indicate an expansion of this OMZ. As their 

seawater concentrations are generally low, at least part of the sedimentary FeT and Co 

enrichments during OAE 2 must be due to mobilization from oxygen-depleted nearshore 
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sediments. Whereas Fe and Co are conveyed along with Mn in suboxic waters, they will be 

precipitated as sulfides when hydrogen sulfide is present in the water column. 

Regarding the source for TMs enriched in TOC-rich sediments, Mo and V are highly 

concentrated in seawater, and they may have become enriched in the sediment via 

diffusion from the water column. As extreme Zn enrichments in Cretaceous black shales 

(compared to recent TOC-rich sediments) require an additional Zn source, a higher 

seawater concentration of Zn due to hydrothermal input during the Cretaceous seems likely 

(Arthur et al., 1988; Brumsack, 2006). Under such conditions seawater might again be the 

dominating source for Zn enrichments. Thus, on a larger if not global scale, we emphasize 

a decline in seawater TM availability during OAE 2, revealed by the decrease in Mo, V and 

Zn enrichment. 

Taking seawater as the dominant source for Mo, V and Zn, the depletion in TM/Al may 

reflect the global onset of black shale deposition during OAE 2 and the rapid drawdown of 

the seawater TM reservoir by the spreading of euxinic depositional areas. In the modern 

oceans, only 0.2% of the seafloor are hypoxic (Helly and Levin, 2004), while during the 

Cretaceous, particularly during OAE 2, such conditions were much more wide-spread. 

Kuypers et al. (2002) pointed out that the proto-North Atlantic Ocean was one of the main 

sites of carbon burial during OAE 2. Paleogeographic reconstructions show that the proto-

North Atlantic Ocean was a restricted area with major seawater supply coming from the 

Tethys only. The black shales deposited in the Tethys and in the proto-North Atlantic Ocean 

during OAE 2 (e.g., Kuhnt et al., 1990) definitely formed a significant TM sink. We therefore 

assume that the decline in TM enrichment seen at Demerara Rise indicates a drawdown of 

TMs from seawater, similar to the “basin reservoir effect” described by Algeo and Lyons 

(2006).  

Productivity proxies 

Figure 4.13 show the enrichments factors for some elements used for approximation of 

paleoproductivity.  

Phosphorus belongs to the essential nutrient elements controlling marine primary 

productivity (e.g., Broecker and Peng, 1982). High concentrations are found in recent 

upwelling sediments pointing towards enhanced nutrient supply and resulting high 

bioproductivity (e.g., Böning et al., 2004). Incorporated into organic material (e.g., in marine 

phytoplankton; Redfield, 1958) P is deposited in the sediment, where it is preferentially 

remineralized relative to TOC and liberated to the pore water and maybe forming authigenic 

phosphatic precipitates. Under oxygen-depleted conditions, when potential phosphate 
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scavengers such as Fe(hydr)oxides are reduced and not available, organic P release in 

sediments is even higher. Therefore, in TOC-rich sediments deposited under anoxic 

conditions the TOC/P ratio should be increased (Ingall et al., 1993 and references therein). 

Nederbragt et al. (2004) concluded from measurements of total phosphorus and organic 

carbon in C/T sediments from the Tarfaya Basin, Morocco, that the main underlying 

mechanism that allowed and sustained enhanced carbon burial during the mid-Cretaceous 

was a perturbation of the oceanic phosphorus cycle. More effective regeneration of organic 

phosphorus under anoxic conditions can lead to an increase in dissolved oceanic 

phosphate, which in turn stimulates surface-water productivity (Ingall et al., 1993; Bjerrum 

and Canfield, 2002; Mort et al., 2007). The Shipboard Scientific Party (2004) describes the 

presence of P-rich concretions in black shales of Demerara Rise. Figure 4.13 shows a clear 

enrichment of P relative to average shale in the sections studied. This points towards a high 

primary productivity comparable to coastal upwelling areas. The minor enrichment during 

OAE 2 hints to a decreasing nutrient supply or to partial loss of P during at least periodically 

truly anoxic conditions in comparison to the situation before and thereafter. 

The non-lithologenic excess barium has been interpreted as a paleoproxy for bio-

productivity (Schmitz, 1987; Dymond et al., 1992; Paytan et al, 1996). These biogenic 

barites (BaSO4) (Bishop, 1988; Bertram and Cowen, 1997; Paytan et al., 2002; Bernstein 

and Byrne, 2004) are only stable under seawater sulfate concentrations (Church and 

Wohlgemuth, 1972). Due to the microbial sulfate reduction in TOC-rich sediments, barite 

may be dissolving, leading to the mobilization of Ba (Brumsack and Gieskes, 1983; 

McManus et al., 1998, Eagle et al., 2003). Authigenic barite may precipitate at the top of the 

sulfate-depletion zone forming diagenetic barite fronts within or above TOC-rich strata 

(Torres et al., 1996; Bréhéret and Brumsack, 2000). 
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Figure 4.13 Mean enrichment factors (EF) of Si, P and Ba relative to 'average shale' (AS) 
(Wedepohl, 1971, 1991) for Cenomanian/Turonian black shales at Demerara Rise. EF = 
element/Al(sample)/element/Al(AS). (a) Site 1258, (b) Site 1260. Dashed lines: EF for C/T mean 
values (Brumsack, 2006). 

 

Hetzel et al. (2006) found the highest Ba/Al above the Cretaceous black shales, while within 

the black shales Ba/Al ratios are still high despite of the present absence of sulfate in the 

pore waters (Erbacher et al., 2004). Arndt et al. (2006) showed in a transport-reaction 

model that not only OM degradation but also anaerobic oxidation of methane (AOM) above 

the black shales of Demerara Rise influences sulfate availability and therefore the 

remobilization of biogenic barium. These authors further showed that temporal dynamics of 

degradation processes caused various shifts of the barite precipitation zone during burial, 
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thus inhibiting the formation of an authigenic barite front or causing the dissolution of earlier 

formed fronts. 

Figure 4.13 shows an enrichment of Ba similar to the C/T mean values from Brumsack 

(2006). This enrichment indicates elevated primary productivity during deposition. But a 

large fraction of former barite may have been remobilized and formed diagenetic barites 

above the black shales. For this reason the use of Ba as a paleoproxy on a quantitative 

level (Dymond et al., 1992) for Cretaceous settings in such an environment is highly 

questionable. 

Paleoenvironmental implications and comparison with other paleoproxies 

The paleoconditions for the depositional environment based on geochemical arguments are 

summarized in Figure 4.14. From analysis of TOC-Fe-S systematics and TM distribution 

patterns we can conclude that a depositional environment with an expanded oxygen-

minimum-zone (OMZ) similar to coastal upwelling areas existed before the onset of OAE 2 

(Fig 4.14a). Enrichments of TOC, P and Ba hint to enhanced bioproductivity. The depletion 

in Mn and enrichment in redox-sensitive TM indicate at least suboxic conditions. During 

OAE 2, an increase in the FeP/FeT ratio points to the rapid development of truly euxinic 

conditions with free hydrogen-sulfide in the water column (Fig. 4.14b). This is confirmed by 

a rise in FeT/Al and Co/Al ratios. An expansion of the OMZ, possible due to intensified 

paleoproductivity and/or sea level rise, leads to mobilization of Fe and Co from nearshore 

sediments. Thus, enrichment in FeT and Co in the sediments is possible, when hydrogen 

sulfide is present in the water column for sulfide precipitation. 
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Figure 4.14 Simplified scheme of paleoenvironmental conditions as deduced from geochemical 
data before / after (a) and during (b) OAE 2. 

 

Musavu-Moussavou and Danelian (2006) analyzed the radiolarian abundances across OAE 

2 at Site 1258 and Site 1261. The presence of radiolarians at Site 1258 and to a lesser 

degree at the shallower Site 1261 below OAE 2 indicates, at least periodically, oxygenated 

surface waters. During OAE 2, the absence of radiolarians at Site 1261 and only rare 

occurrence at Site 1258 hint at the intensification of euxinic conditions, while above OAE 2 

radiolarians are present again, this time with higher abundances at Site 1261 than at Site 

1258. In marine sediments Si derives either from the terrigenous detritus as 

aluminosilicates, quartz or from a biogenous opal from siliceous plankton (diatoms or 
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radiolarians; Brumsack, 1989). Assuming an ‘average shale’-like terrigenous background 

for C/T-black shales of Demerara Rise the enrichment in Si indicates the presence of 

additional Si other than present in the clay component. Owing to the absence of heavy 

mineral related elements Hetzel et al. (2006) could exclude the presence of excess quartz 

in Cretaceous black shales of Demerara Rise and instead assumed a biogenous origin for 

the excess silica. We suppose that the enrichment in Si shown in Figure 4.13 represents Si 

derived from radiolarian tests. The general pattern with slight enrichment of Si below and 

above OAE 2 fits well with the findings of Musavu-Moussavou and Danelian (2006). 

Hardas and Mutterlose (2007) analyzed the calcareous nannofossil assemblages of Site 

1258 and 1260. They found highest absolute abundances below OAE 2 at both sites. 

During OAE 2 the absolute abundance decreases and also the species assemblages 

change. From the now dominating species the authors conclude a higher bio-productivity. 

Instead of cooler temperatures, as suggested by Forster et al. (2007) at Site 1260 within 

OAE 2, Hardas und Mutterlose (2007) postulate a slight increase in SSTs. They suggest a 

possible breakdown of water column stratification and thus a shallowing of the nutricline. 

This fits into a picture of a euxinic water column and the decline in total abundance of 

nannofossils. 

Regarding the redox conditions at the sediment-water interface Friedrich et al. (2006) 

suggest a strengthening of the OMZ during OAE 2, based on the benthic foraminifera 

assemblage at Sites 1258 - 1261.  

Below OAE 2 the authors suggest anoxic to sometimes slightly dysoxic bottom-water 

conditions at the shallower sites, whereas for the deepest Site 1258 more oxygenated but 

still dysoxic bottom waters were proposed, possibly due its position below the OMZ. During 

OAE 2, the total absence of benthic foraminifera hints to anoxic conditions, but short-term 

re-populations may indicate bottom-water oxygenation. The authors find these events in the 

lower third of OAE 2 at all sites studied. Forster et al. (2007) correlate these occurrences 

with a cooling event at Site 1260. Benthic foraminiferal assemblages indicate continued 

oxygen-deficient bottom-water conditions following OAE 2 with the exception of one short-

term increase in oxygenation immediately above the OAE 2. After ~0.5 Ma more 

oxygenated bottom-water masses are postulated. 

From geochemical data we suppose euxinic conditions during OAE 2. The presence of 

benthic foraminifera indicates that the euxinic conditions may not have been permanent. 

Evidence for the short–term complete re-oxidation of the bottom water is not given by the 

geochemical data, although peaks in Mn/Al several decimeters above the repopulation 
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events of benthic formaminifera at Site 1258 may indicate a shallowing of the OMZ thus 

introducing Mn to the sediment.  

Addressing the same questions by different paleo-proxies may lead to different results 

under certain circumstances. If sedimentation rates are low, and the amount of sample 

material required for certain analyses comprises a time-span in which several changes in 

depositional environment may have occurred, the chemical result would be an integrated 

signal due to homogenization of the sample. In contrast, analyzing fossils might give only a 

snapshot of paleoconditions. Contrasting results for the same intervals may therefore hint to 

unstable conditions. Forster et al. (2007) suggest such unstable conditions during OAE 2 at 

Site 1260. From our point of view a closer look is necessary, if and to what extent the 

presence of the “ash-like” layers, which were omitted here, may influence directly or by 

diagenetic effects results obtained in close vicinity to these layers. 

Summary and Conclusions 

From geochemical analysis the following conclusions regarding the depositional 

environment of C/T black shales at Demerara Rise during OAE 2 can be drawn: 

Elevated FeP/FeT, FeT/Al, and Co/Al values within the OAE 2 confirm euxinic conditions but, 

at the same time, require a zone where reducing but non-sulfidic conditions enable Fe and 

Co mobilization in oxygen depleted nearshore sediments. 

The existence of an expanded oxygen-minimum-zone (OMZ) is demonstrated by extremely 

low Mn/Al ratios. Elevated Mn/Al ratios are only seen in distinct horizons. Overgrowth of 

Mn-carbonates on pre-existing carbonate tests seems to be possible under euxinic 

conditions and elevated pore water alkalinities.  

Mo/Al, V/Al and Zn/Al ratios are generally high throughout the investigated sequence, but a 

significant depletion is notable exactly during OAE 2. The decrease in enrichment for these 

seawater derived trace metals may reflect the global onset of black shale deposition during 

OAE 2 and the rapid drawdown of the seawater TM reservoir by the enlargement of euxinic 

depositional areas. 

The enrichment in phosphorus and barium points towards high bio-productivity like in recent 

upwelling areas. Due to diagenesis driven by the reducing conditions a quantitative 

interpretation is not possible. 

Besides fixation of sulfide as iron sulfide, organic matter acts as an important sulfur trap 

during early diagenesis. During OAE 2 the amounts of both, pyrite and organically bound 

sulfur increase. A negative shift in the stable sulfur isotope curve during OAE 2 indicates 
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changes in the overall sulfur cycle, similar to results observed previously in the Tarfaya 

Basin. 

According to the assumed high bioproductivity and the depletion in Mn, the C/T black 

shales of Demerara Rise are compatible with a situation encountered in modern coastal 

upwelling areas within an expanded OMZ. During OAE 2 a more euxinic situation was 

established with the presence of free hydrogen sulfide in the water column.  
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Appendix 

Appendix A4.1 Quantification limit, precision and accuracy of analyzed elements. For stable 

isotope measurements, see section on Materials and Methods. 

 

Element Method Quantification limit Precision SD (1σ) Accuracy 
    (rel%) (rel%) 
ST IR-analyzer 0.56 % 3.0 99.9 
TC IR-analyzer 1.22 % 1.6 101.2 
TIC Coulometry 0.19 % 2.3 99.8 
Si XRF 1.94 % 1.3 99.1 - 101.0 
Ti XRF 0.03 % 1.2 98.1 - 101.0 
Al XRF 0.77 % 1.6 98.7 - 100.6 
FeT XRF 0.33 % 1.2 98.7 - 100.6 
Mg XRF 0.26 % 1.9 99.3 - 101.0 
Ca XRF 0.80 % 1.6 99.4 - 99.7 
Na XRF 0.21 % 5.7 90.1 - 100.6 
K XRF 0.20 % 2.6 95.5 - 100.4 
P XRF 0.04 % 6.5 98.6 - 108.8 
As XRF 4 ppm 7.0 96.0 - 100.0 
Ba XRF 77 ppm 2.5 98.8 - 102.6 
Co XRF 9 ppm 8.1 93.7 - 95.4 
Cr XRF 17 ppm 2.9 98.4 - 104.4 
Cu XRF 21 ppm 6.6 94.0 - 102.2 
Mn XRF 78 ppm 2.2 97.5 - 103.1 
Mo XRF 14 ppm 6.0 94.1 - 104.3 
Ni XRF 14 ppm 3.3 99.1 - 103.8 
Rb XRF 26 ppm 3.9 92.7 - 101.8 
Sr XRF 120 ppm 9.7 101.0 - 102.2 
U XRF 5 ppm 10.9 109.0 - 110.2 
V XRF 56 ppm 4.2 99.8 - 100.9 
Y XRF 8 ppm 5.4 98.5 - 109.5 
Zn XRF 33 ppm 3.9 95.1 - 102.4 
Zr XRF 30 ppm 3.6 96.1 - 103.7 

 
Notes: Procedures and accuracy of all methods were checked with in-house reference materials (IR-Analyzer: 
PS-S (n=286); coulometry: Loess (n=387); XRF: DR-BS (n=33), TW-TUC (n=14) and PS-S (n=11)). 
Quantification limit is defined as 6 times the maximum standard deviation (1σ). Precision is defined as 100% 
times the best estimate standard deviation (1σ) divided by the mean of the repeats. The maximum value is 
given. SD = standard deviation. Accuracy is defined as 100% times the mean of the repeat analyses divided 
by the expected value. For XRF the range of different reference material is given. 
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Appendix A4.2 Identification of so-called “ash layers” (see text for details). 

 

 

(a) Profiles for Si/Al, Ti/Al and K/Al for Cenomanian/Turonian black shales at Sites 1258 and 
1260. Grey: OAE 2; dashed line: “ash layers”.  

(b) Images of sediment intervals (available online from Erbacher et al., 2004, 
doi:10.2973/odp.proc.ir.207.2004). Dashed line: “ash layers”.  
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(c) Comparison of average element contents and element/Al ratios of omitted samples (unknown 
source, secondary overprinted). Cenomanian/Turonian black shales of Demerara Rise (mean 
values of Table 4.3, 4.4 and 4.5) and ‘average shale’. 

  
Omitted samples 

(n= 34) 
Average C/T black shales 

Demerara Rise 
Average shale 

(Wedepohl. 1971. 1991) 
ST % 6.03 2.60 0.24 
SP % (n=11)     1.67 0.79  
δ34SP ‰ (n=4)   -15.4 -15.8  
TIC % 2.73 5.56 0.35 
TOC % 8.55 10.39  
Si % 14.69 10.26 27.53 
Ti % 0.36 0.10 0.46 
Al % 4.60 2.16 8.84 
FeT % 4.36 1.27 4.80 
Mg % 1.01 0.51 1.60 
Ca % 10.26 19.61 1.57 
Na % 1.25 0.88 1.19 
K % 0.74 0.64 2.99 
P % 0.08 0.33 0.07 
As ppm 54 20 10 
Ba ppm 511 524 580 
Co ppm 23 6 19 
Cr ppm 136 113 90 
Cu ppm 152 63 45 
Mn ppm 332 17 850 
Mo ppm 32 58 1 
Ni ppm 132 131 68 
Rb ppm 22 25 140 
Sr ppm 564 771 300 
U ppm 7 15 4 
V ppm 530 907 130 
Y ppm 17 20 41 
Zn ppm 209 608 95 
Zr ppm 35 33 160 
ST cf % 12.10 4.94 0.25 
TOCcf % 2.27 19.86  
ST/Al  32.18 1.35 0.03 
TOC/Al  89.00 5.40 0.02 
Si/Al  3.18 5.13  
Ti/Al  0.08 0.05 0.05 
FeT/Al  0.96 0.65 0.54 
Mg/Al  0.31 0.53 0.18 
Ca/Al  12.03 39.54 0.18 
Na/Al  0.27 0.47 0.13 
K/Al  0.17 0.32 0.34 
P/Al  0.02 0.15 0.01 
As/Al  10-4 12.9 11.2 1.1 
Ba/Al  10-4 122.6 294.4 65.6 
Co/Al  10-4 5.1 3.1 2.1 
Cr/Al  10-4 30.6 52.3 10.2 
Cu/Al  10-4 32.6 33.8 5.1 
Mn/Al  10-4 80.4 15.5 96.2 
Mo/Al  10-4 6.2 31.9 0.1 
Ni/Al  10-4 28.3 67.5 7.7 
Rb/Al  10-4 4.8 11.1 15.8 
Sr/Al  10-4 197.9 693.6 33.9 
U/Al  10-4 2.4 11.3 0.4 
V/Al  10-4 119.0 498.0 14.7 
Y/Al  10-4 5.2 11.7 4.6 
Zn/Al  10-4 49.4 284.4 10.7 
Zr/Al  10-4 10.4 20.1 18.1 
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during the Cenomanian-Turonian oceanic anoxic event using biomarker 
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This chapter has been re-submitted to Palaeogeography, Palaeoceanography, Palaeoecology. 

 

Abstract 

The occurrence of the biomarker lycopane and the enrichment patterns of redox sensitive 

trace metals in black shales from Demerara Rise (western tropical Atlantic) reveal that 

bottom waters were anoxic during the upper Cenomanian and lower Turonian at this 

location. Bottom waters were clearly oxygen depleted already before oceanic anoxic event 

2 (OAE-2), and continued to be so afterwards. Furthermore, the presence of fossil 

derivatives of isorenieratene and chlorobactene, pigments derived from green sulfur 

bacteria, demonstrates that the waters at the base of the photic zone occasionally 

contained sulfide (i.e., were euxinic). Before and after OAE-2, low concentrations of 

derivatives of these pigments are present, while much higher concentrations occur within 

the OAE-2 section. Stratification of the water column must have been strong to sustain 

euxinic conditions in the photic zone for prolonged periods. A substantial drop in the 

concentrations of isorenieratene and chlorobactene derivatives demonstrates that this 

stratification temporarily broke down during OAE-2. A simultaneous decrease in sea 

surface temperatures suggests that local ventilation was instrumental in this reoxygenation 

event. A rapid decrease in seawater derived trace metal burial rates at Demerara Rise, 

occurring in phase with the onset of the anoxia related to OAE-2, suggests an 

approximately synchronous onset of OAE-2 in the proto-North Atlantic. 

 
Keywords: Demerara Rise, Ocean Drilling Program, trace metals, Oceanic Anoxic Event 2, CTBE, euxinia 
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Introduction 

Recurring episodes of extensive deposition of marine, organic-rich, fine-grained, laminated, 

silicilastic sediments (so-called black shales) are characteristic for the mid-Cretaceous. The 

black shales deposited during this time are often enriched in certain trace metals (TMs) 

(Goldschmidt, 1954, see Brumsack, 2006, for a recent overview). These episodes of 

increased organic matter deposition are referred to as oceanic anoxic events (OAEs) and 

are primarily known from the Cretaceous (Schlanger and Jenkyns, 1976), the Jurassic 

(Jenkyns, 1985) and the Permian/Triassic boundary (Grice et al., 2005, Hays et al., 2007).  

One of the most extreme Cretaceous OAEs is OAE-2 at the Cenomanian-Turonian 

boundary (93.5 My, Gradstein et al., 2004, Sageman et al., 2006), also known as the 

Bonarelli event. OAE-2 is characterized by a large positive carbon isotope excursion (Arthur 

et al., 1988) both in marine carbonates (up to 2.5‰) and organic matter (OM) (up to 6‰) 

(Kuypers et al., 2002b, Tsikos et al., 2004, Erbacher et al., 2005). This positive excursion is 

most likely the result of the preferential removal of 12C associated with the burial of OM, 

leaving the remaining carbon reservoir enriched in 13C.  

The high concentrations of organic carbon in OAE-2 black shales have been attributed to 

both enhanced preservation of OM by anoxic water column conditions, possibly related to a 

slowdown in oceanic circulation (e.g., Bralower and Thierstein, 1987, Sinninghe Damsté 

and Köster, 1998) and to increased productivity leading to higher OM accumulation rates 

(Schlanger and Jenkyns, 1976). Increased productivity will also lead to an enhanced 

oxygen demand for mineralization, which may overwhelm the oxidation potential of the 

ocean and cause water column anoxia (e.g., Schlanger and Jenkyns, 1976, Kuypers et al., 

2002b). At present, the high OM content in OAE-2 black shales is therefore generally 

considered to be the result of a combination of increased productivity and enhanced 

preservation by anoxia (e.g., Kuypers et al., 2002b, Kolonic et al., 2005). 

Several factors might have played a role in creating the specific environmental conditions 

that promoted the occurrence of OAEs during the mid-Cretaceous. Most noticeably, the 

climate was extraordinarily warm at the time, probably due to high atmospheric CO2 

concentrations caused by increased volcanism (Arthur et al., 1985, Bice et al., 2006, 

Sinninghe Damsté et al., 2008, Turgeon and Creaser, 2008). The resulting warmer ocean 

waters possibly gave rise to halothermal rather than thermohaline ocean circulation (Horne, 

1999), consequently producing lower deep water ventilation rates, as warm water contains 

less oxygen. Moreover, large scale deposition of evaporates in the South Atlantic during the 

Early Cretaceous (Wortmann and Chernyavsky, 2007) would have changed the salt 
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balance of the ocean, creating less saline water and therefore slower circulation (Hay et al., 

2006). In addition, the increased seafloor spreading, submarine volcanism and 

hydrothermal activity at this time would have had a strong effect on ocean circulation and 

TM cycling (Hays and Pitman, 1973, Paytan et al., 2004).  

Specific biomarkers can be powerful tools for the reconstruction of bottom water anoxia and 

photic zone euxinia. The lycopane to n-alkane ratio ((lycopane+n-C35)/n-C31), for instance, 

can be used as an indicator for the palaeoxicity of the sediment/water interface (Sinninghe 

Damsté et al., 2003). Although the primary biological sources of lycopane are still unclear, 

this molecular compound is predominantly preserved in anoxic settings. The lycopane to n-

alkane ratio, (lycopane+n-C35)/n-C31, can therefore be used as an indicator for the 

palaeoxicity of the sediment/water interface (Sinninghe Damsté et al., 2003). (Lycopane+n-

C35)/n-C31 ratios observed in sediments deposited in anoxic waters in the present day 

oxygen minimum zone (OMZ) of the Arabian Sea are around 1 (Sinninghe Damsté et al., 

2003). In contrast, sediments deposited in oxic bottom waters, above and below the OMZ, 

have ratios ≤ 0.5. Elevated lycopane ratios in the sediments, therefore, demonstrate bottom 

waters were anoxic. Furthermore, the presence of isorenieratene or its diagenetic 

derivatives, indicates that at least the base of the photic zone (typically 50-150 m below sea 

surface; Hedgpeth, 1957) was euxinic, i.e., the water column contained free sulfide and no 

oxygen (Summons and Powell, 1986, Koopmans et al., 1996, Sinninghe Damsté and 

Köster, 1998, Kuypers et al., 2002b, Pancost et al., 2004). Isorenieratene is a carotenoid 

specific for Chlorobiaceae, the brown strain of the green sulfur bacteria. These 

photosynthetic bacteria are strict anaerobes and require both light and free sulfide, and can 

therefore only survive when part of the photic zone is euxinic. The presence of 

chlorobactene or its diagenetic derivatives points to an even shallower depth of photic zone 

euxinia, as chlorobactene occurs predominantly in the green colored strain of green sulfur 

bacteria, which requires a higher light intensity than the brown strain (Van Gemerden and 

Mas, 1995). These compounds are most likely autochthonous when found in sediments, 

since both these aromatic carotenoids are relatively labile and rarely survive transport over 

longer distances (Sinninghe Damsté et al., 2001, Sinninghe Damsté and Hopmans, 2008). 

At several North Atlantic sites the presence of these carotenoids established that euxinia 

reached all the way into the photic zone during OAE-2 (Sinninghe Damsté and Köster, 

1998, Kuypers et al., 2002b, Kuypers et al., 2004. See Figure 5.2 for occurrences of 

isorenieratane and derivatives). An upward excursion of euxinic conditions in the oceans, 

and subsequent S out-gassing into the atmosphere, is thought to have contributed to the 
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Cenomanian-Turonian, Permian/Triassic and Late Devonian extinction events (Grice et al., 

2005, Kump et al., 2005, Hays et al., 2007). During the Cenomanian-Turonian, an 

estimated amount of 8•1016 kg SO2 along with a significant amount of H2S was introduced 

by plume-related volcanism (e.g., the formation of the Caribbean plateau, Kerr, 1998), 

which could have advanced the expansion of euxinic conditions (Sinninghe Damsté and 

Köster, 1998). 

 

 

Figure 5.1 Map showing the present-day location of Demerara Rise Site 1260. Depth in meters, 
modified from ODP website. 

 

Records of redox sensitive TMs are useful in elucidating redox conditions of oceanic bottom 

waters. Generally, some redox sensitive elements (e.g., V and U) are immobilized under 

anoxic, non-sulfidic conditions and therefore enriched in the sediment during anoxia 

(Calvert and Pedersen, 1993, Brumsack, 2006). Other elements, in contrast, are mobile 

under anoxic, non-sulfidic conditions (e.g., Mn) and as a result become depleted in 

sediments deposited during anoxia. In addition, under euxinic conditions, the abundantly 

present sulfide immobilizes chalcophile TMs (mainly Cu, Zn, and Cd, but also Co, Fe, and 

Ni) as metal sulfides, most likely by co-precipitation in pyrite (Huerta-Diaz and Morse, 1992, 

Tribovillard et al., 2006). Consequently, sediments deposited under euxinic conditions are 

usually enriched in these elements. Both Mo and As become enriched under anoxic and 

sulfidic conditions. 
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Despite intensive studies, causes and effects of OAEs are still poorly understood. To 

reconstruct the development of bottom water, water column and potentially photic zone 

anoxia during OAE-2 at Demerara Rise, we used both biomarker and TM proxies. 

Demerara Rise is a submarine plateau located off the coast of Suriname (Figure 5.1 and 

Figure 5.2) with excellently preserved biomarker records (e.g., Forster et al., 2004). These 

sediments are thus uniquely suited to compare biomarker and TM records. 

 

 
Figure 5.2 Sites where isorenieratane or its derivatives were found within the OAE-2 interval 
(DSDP Sites 144, 367, 368 and Tarfaya, Sinninghe Damsté and Köster, 1998, DSDP Sites 105 
and 603B, Kuypers, 2001, Kuypers et al., 2004, S13 at Tarfaya, Kolonic et al., 2005). 
Bold: Site numbers. Italics OAE-2 OC accumulation rates (g/m2/yr) / maximum OAE-2 
isorenieratane accumulation rates (μg/m2/yr). 
The sites are plotted on a palaeogeographical map showing the proto North Atlantic during the 
mid-Cretaceous (~94 Ma), created with GEOMAR map generator; 
www.odsn.de/odsn/services/paleomap/paleomap.html. 
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Geological setting and Stratigraphy 

Demerara Rise is a NW-SE oriented, gently dipping submarine plateau located off the coast 

of Suriname (Figure 5.1). During the Cenomanian-Turonian, Demerara Rise was situated in 

the tropics (14-15°N) in the proto-North Atlantic (Figure 5.2). Sediments used for this study 

were collected during Ocean Drilling Program (ODP) Leg 207 at Site 1260, holes A and B 

(Erbacher et al., 2004a). The recovered Albian to Pleistocene sequence contains a total of 

509 meters of sediments and includes the Cenomanian-Turonian boundary. The 

Cretaceous sediments at Site 1260 were most likely deposited at intermediate water depth, 

probably between 500-1500 m (Erbacher et al., 2004b, Suganuma and Ogg, 2006) but 

certainly below the storm wave base (200 m). The Cenomanian-Coniacian sediments of 

this sequence are typically laminated, dark, carbonaceous, calcareous mud- to marlstones 

(black shales) occasionally interbedded with sandy limestones and thin calcareous layers 

(Erbacher et al., 2004a). Most noticeable are a 25 cm thick carbonate layer (here referred 

to as the lower carbonate layer) at 425.91-425.66 meters composite depth (mcd) and 

another thick carbonate bed above the OAE-2 interval (the upper carbonate layer, at 424.3-

423.9 mcd). Both beds consist of almost pure calcium carbonate most likely of diagenetic 

origin (Hetzel et al., 2009), with TOC (total organic carbon) values below 1 % (Figure 5.3B). 

Apparently, the carbonate compensation depth was never shallow enough to cause 

appreciable carbonate dissolution at Demerara Rise.  

OM from Demerara Rise is thermally immature and well preserved, mostly of marine origin 

with organic carbon contents of up to 20 % (Erbacher et al., 2004a, Erbacher et al., 2004b, 

Forster et al., 2004, Meyers et al., 2006). Both TOC and sulfur concentrations are higher 

than levels generally encountered in OAE-2 black shales (Brumsack, 2006, Hetzel et al., 

2009). Although TOC content is already high throughout the entire sequence (with the 

exception of some carbonate beds), there is a clear increase from, on average, 8 to 16 % 

TOC at the onset of OAE-2 (Forster et al., 2007) (Figure 5.3B).  

Stratigraphy is based on shipboard results, chemostratigraphy and nannofossil 

biostratigraphy (Erbacher et al., 2004a, Hardas and Mutterlose, 2006, Forster et al., 2007). 

The exact stratigraphic position of OAE-2 was determined by the positive isotope excursion 

in bulk organic carbon (δ13Corg) accompanying OAE-2 (Figure 5.3A) (cf. Erbacher et al., 

2005, Forster et al., 2007). The OAE-2 carbon isotope excursion can be divided into three 

phases (cf. Kuypers et al., 2002a, Forster et al., 2007). The onset of the excursion up to the 

first isotopic maximum, a positive shift in δ13Corg values of approximately 6 ‰, is termed 

phase A (426.41-426.11 mcd). Phase A is equivalent to the “first build-up” phase used for 
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the proposed European reference section at Eastbourne (Paul et al., 1999). Phase B 

(426.11-425.27 mcd) contains a decline of 2.5 ‰ in δ13Corg values, followed by a second 

increase of almost 3 ‰ and ends with an interval of steadily high δ13Corg values (at ca. -22 

‰). Phases A and B together make up OAE-2. By comparing Site 1260 to the well-dated 

Pueblo record of Sageman et al. (2006) an approximate duration of 550 kyr is established 

for OAE-2 at this site. During phase C (425.27-424.81), the so-called “recovery phase”, 

carbon isotopic ratios gradually return almost to the initial, pre-excursion values. 

Methods 

Biomarkers and trace metals were analyzed on aliquots of samples previously used to 

determine TOC content, carbonate (CaCO3) content, stable carbon isotopes of bulk organic 

carbon (δ13Corg) and sea surface temperatures (SSTs) using the TEX86 paleothermometry 

proxy (data set of Forster et al., 2007, method details given therein). Briefly, the TEX86 

index is based on molecular compounds derived from the cell membranes of unicellular 

marine microorganisms, the Crenarchaeota. The number of cyclopentane rings occurring in 

these specific membrane lipids has been shown to co-vary with the ambient sea water 

temperature (Schouten et al., 2002), therefore the TEX86 index can be used as a 

temperature proxy. Numerous studies have recently applied the TEX86 proxy for SST 

reconstructions in the geological past (e.g., Dumitrescu et al., 2006).  

Sediment samples (3 to 5 g dry mass) were taken approximately every 10 cm above and 

below the OAE-2 black shales, while within the OAE-2 section, samples were taken every 

2-5 cm. This sampling campaign resulted in 61 samples from a section of approximately 10 

m covering the Cenomanian-Turonian transition.  

Sediments were freeze-dried, powdered and for biomarker analysis subsequently extracted 

with an Accelerated Solvent Extractor (Dionex) using a dichloromethane (DCM) - methanol 

mixture (9:1, v/v). Elemental sulfur was removed from the extracts using activated copper. 

The extracts were then separated into apolar and polar fractions using a column of 

activated alumina by elution with hexane/DCM (9:1, v/v) and DCM/methanol (1:1, v/v), 

respectively.  

Raney Nickel desulfurisation and subsequent hydrogenation (Sinninghe Damsté et al., 

1993) were used to release sulfur-bound biomarkers from polar fractions. This was only 

performed on samples that produced polar fractions weighing >5 mg to ensure a sufficient 

yield. The desulfurised fraction was separated further into apolar and polar fractions as 

stated above. Both the original apolar fraction and the apolar fraction obtained from the 
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desulfurised polar fraction were separated into their saturated aliphatic, unsaturated 

aliphatic and aromatic fractions by column chromatography using AgNO3-impregnated silica 

as the stationary phase and hexane, hexane/DCM (9:1, v/v) and hexane/DCM (1:1, v/v) as 

eluents. 

All fractions were analyzed on a HP gas chromatograph (GC) fitted with a flame ionization 

detector (FID) and a sulfur-selective flame photometric detector (FPD). Samples were 

injected on-column, on a CP-sil 5CB fused silica column (50 m x 0.32 mm i.d.) with helium 

as carrier gas set at constant pressure (100 KPa). The oven program started at 70 °C, was 

heated by 20 °C/min to 120 °C and subsequently by 4 °C/min to 320 °C and held 

isothermally at 320 °C for 15 min. To identify compounds the samples were measured on a 

GC-MS (Thermo Trace GC Ultra) with a mass range m/z 50-800 using a similar column and 

heating program as for the GC, set at constant flow. Biomarkers were identified by 

comparing mass spectra and retention times to those of compounds described in literature 

(e.g., Schaeffer et al., 1997). Phytane and isorenieratane were quantified by integration of 

the peak areas of these compounds on the GC mass chromatogram and comparing them 

with the peak area of the internal standard (D2-C22-anteisoalkane). Chlorobactane 

concentrations were calculated by comparing the peak area of the m/z 133 GC-MS mass 

chromatogram of chlorobactane to the area of the m/z 133 peak of isorenieratane, which 

was quantified relative to the internal standard.  

Major, minor and trace elements were determined by X-ray fluorescence (XRF) at the 

Institute for Chemistry and Biology of the Marine Environment (ICBM), University 

Oldenburg. 600 mg of the powdered sample was mixed with 3600 mg of a 1:1 mixture of 

dilithiumtetraborate (Li2B4O7) and lithiummetaborate (LiBO2), or with 100% 

dilithiumtetraborate for carbonate rich samples and pre-oxidized at 500°C in porcelain 

crucibles for 5 h with approximately 1 g of ammonium nitrate (NH4NO3, p.a.). After cooling, 

the samples were melted at 1200°C in Pt-Au crucibles and cooled in Pt-Au disk moulds. 

The disks were analysed with a Philips® PW2400 XRF spectrometer. Analytical precision 

was verified by the preparation and analysis of several in-house standards. Relative 

precision and accuracy was found to be better than 5 rel% for all major elements, except for 

P (better than 10 rel%), and better than 11 rel% for minor elements. A few elements were 

present in concentrations lower than the quantification limit of the XRF. This is the case for 

Mn and Co for most of the sequence studied and for Fe within the upper carbonate layer 

mentioned above. As SO3 is partly lost during the melting process, the XRF S values are 

not very accurate and reflect only a minimum content. 
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To compensate for the highly variable Ca concentration, which dilutes the trace metal 

content, element concentrations were calculated on a carbonate free basis. Trace metal, 

major element and bulk sulfur concentrations are plotted on a carbonate free basis (CF) 

against depth in Figure 5.4.  

ElementCF = element•100/(100-CaCO3) 

Enrichment factors were calculated to compare the Demerara Rise records to trace element 

records from different settings (Figure 5.5). Enrichment factors (EF’s) were calculated as in 

Brumsack (2006); 

EFelement=(element/Al)sample/(element/Al)average shale 

Average shale here refers to the average chemical composition measured in hundreds of 

shale samples (Wedepohl, 1971). This “average shale” is typically used as the standard of 

comparison between these types of sediments. If EFelement is greater than 1 the element is 

enriched relative to average shale , when EFelement is less than 1 it is depleted. 

The average organic carbon accumulation rate (AROC) for OAE-2 at Site 1260 was 

estimated from the thickness of the OAE section (1.15 m), the duration of OAE-2 (550 ky) 

and the TOC content. 

Results 

Biomarkers 

Biomarkers that were bound in macromolecular aggregates through incorporation of sulfur 

during early diagenesis (cf., Brassell et al., 1986, Sinninghe Damsté et al., 1989) were 

released by Raney Nickel desulfurisation and subsequently hydrogenated. This way, 

chlorobactane and isorenieratane, derived from the aromatic carotenoids chlorobactene 

and isorenieratene of photosynthetic green sulfur bacteria (Sinninghe Damsté et al., 1993, 

Schaeffer et al., 1997), were recovered. Isorenieratane concentrations fluctuate strongly 

between ~ 0 and 270 μg g-1 TOC (Figure 5.3F). Below the interval representing OAE-2, 

isorenieratane concentrations are <5 μg g-1 TOC, concentrations then increase rapidly at 

the start of the OAE-2 interval (426.31 mcd), where highest concentrations (270 μg g-1 

TOC) are found. Subsequently, still within the early stages of the OAE-2 interval (426.06-

425.96 mcd), isorenieratane concentrations decrease again to <5 μg g-1 TOC. Within the 

carbonate layer (425.91-425.66 mcd) extraction yields were insufficient to apply 

desulfurisation and isorenieratane concentrations could not be determined. Above the 

carbonate layer, values increase again to a maximum of 130 μg g-1 TOC in phase C 

(425.01 mcd). Subsequently, isorenieratane concentrations quickly decrease to <5 μg g-1 
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TOC (424.43 mcd). These low concentrations continue in the sediments deposited above 

phase C.  

Chlorobactane concentrations at Site 1260 range from 0.2 to 32 μg g-1 TOC with the 

chlorobactane record generally following that of isorenieratane. Showing increasing 

concentrations at the start of the OAE-2 section, and decreasing concentrations just below 

the carbonate layer. Highest chlorobactane concentrations occur within the OAE-2 interval 

just above the carbonate layer (425.6 mcd) (Figure 5.3G).  

Lycopane is present in all apolar fractions of the analysed sediments. Calculated 

(lycopane+n-C35)/n-C31 ratios (Sinninghe Damsté et al., 2003) ranged from 1.3 to 34, but 

are predominantly between 4 and 8 (Figure 5.3E).  
 

 

Figure 5.3 Lithology, stratigraphy, stable isotope and biomarker data for OAE-2 at Demerara 
Rise, ODP Site 1260. (A) Isotope values of bulk organic carbon (δ13Corg) in ‰ VPDB, (B) total 
organic carbon content (TOC) in weight %, (C) calcium carbonate (CaCO3) content in weight %, 
(D) sea surface temperatures (SST) in °C as reconstructed by TEX86 (all from Forster et al. 
2007), (E) the (lycopane+n-C35)/n-C31 ratio, (F) isorenieratane and (G) chlorobactane 
concentrations in ug/g TOC. Grey shaded areas mark phases A, B and C of OAE-2 (see text for 
explanation). Scale in meters composite depth (mcd). 
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Trace metals and major elements  

Trace metal, major element and bulk sulfur concentrations are plotted on a carbonate free 

basis (CF) against depth in Figure 5.4. Due to dilution effects, samples from the carbonate 

layers contain extremely low concentrations of certain TMs. The trace elements Co, Fe and 

Mn were occasionally present in concentrations lower than the quantification limit of the 

XRF. Co concentrations are under the quantification limit (10 ppm) in all samples below and 

above OAE-2 interval and Mn concentrations are below the quantification limit (155 ppm) in 

all but three samples. Fe is below the quantification limit (0.2 %) in one of the samples. The 

TMs that are below the quantification limit are represented with empty circles in Figure 5.4. 

Overall, AlCF, SiCF and TiCF concentrations are relatively uniform except for an increase in 

the lower carbonate layer, and a decrease in the upper carbonate layer. MgCF mostly 

follows the same pattern, except for an increase of MgCF in the upper carbonate layer. For 

most samples at Site 1260, MnCF concentrations are below the XRF quantification limit 

although MnCF concentrations are slightly higher within the carbonate layer.  

Downcore SCF, CoCF, AsCF and FeCF concentrations are low before the OAE-2 interval, 

increase slightly at the onset of OAE-2 and remain at this level until deposition of the lower 

carbonate layer, where concentrations strongly increase. Above the carbonate layer, AsCF, 

CoCF and FeCF concentrations decrease again, but remain higher than before OAE-2. In the 

remaining part of the OAE-2 interval and phase C concentrations stay at this level apart 

from an increase in the upper carbonate layer. CuCF follows this pattern although 

concentrations are slightly higher before the OAE-2 interval. 

Concentrations of MoCF, UCF, VCF, ZnCF and NiCF increase prior to the OAE (starting at 426.9 

mcd) and subsequently reveal a considerable depletion at the onset of OAE-2. 

Concentrations remain low during the entire OAE-2 interval (Figure 5.4) and only increase 

again after phase C.  

Downcore PCF concentrations show an increase prior to, and immediately after the OAE-2 

interval, while within the OAE-2 interval concentrations are very low. YCF concentrations 

show a pattern similar to PCF but also increase in both carbonate layers. SrCF 

concentrations are mostly very low, except for in the upper carbonate layer. KCF increases 

after the OAE-2 interval and shows a strong drop within the two carbonate layers. 

 



5. Reconstruction of water column anoxia using biomarker and trace metal proxies 

135 
 

 

Figure 5.4 Major elements and trace metals (all, except TOC, on a carbonate free basis) plotted 
against depth. The lower carbonate layer indicated at 425.91-425.66 mcd, upper carbonate layer 
at 424.3-423.9 mcd. The grey shaded areas indicate the division of OAE-2. Phase A, 
corresponds to the build-up phase, B, to the stable plateau and C, the gradual decline to pre-
excursion values, for further details see text. The unfilled circles represent samples below the 
XRF quantification limit. 

 

Calculated trace metal enrichment factors (EFs) from Site 1260 are plotted for elements of 

which the deposition is influenced by changes in bottom water redox conditions (Figure 

5.5). Most TMs are enriched compared to average shale (Wedepohl, 1971; EF>1) both 

within and outside the OAE-2 black shale section. Only for Mn, depletion is indicated by EF 

< 1, both within and outside the OAE-2 section. The EFs of As, Ba, Cu, Fe and S and are 

similar for sediments deposited during the entire investigated interval. However, when Fe, 

Cu and As are plotted on a carbonate free basis (Figure 5.4), these elements show 

increased concentrations during OAE-2. The EFs of Cr, Mo, P, U, V, and Zn decrease 

during the OAE, while the EFs of Co and Ni increase slightly (Figure 5.5).  
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Figure 5.5 Enrichment factors of several trace metals and selected major elements at Demerara 
Rise relative to ‘average shale’ (Wedepohl, 1971).  EFelement = (element/Al)sample / 
(element/Al)average shale. Open dots: average enrichment factors outside OAE-2. Filled dots: 
average enrichment factors during OAE-2, disregarding the samples from the carbonate layer. 
Also plotted are EFs for 3 different depositional settings (data from: Brumsack, 2006). EFs at Site 
1260 are generally higher than normally encountered in sapropels and upwelling sites, however, 
at Demerara Rise Site 1260 most EFs do not increase during OAE-2, even though there is 
evidence for stronger photic zone euxinia at that time.  

 

Discussion 

Anoxia and water column stratification at Site 1260 

The lycopane to n-alkane ratio, (lycopane+n-C35)/n-C31, can be used as an indicator for the 

palaeoxicity of the sediment/water interface (Sinninghe Damsté et al., 2003). The generally 

elevated and sometimes extremely high lycopane ratios in the sediments from Site 1260 

(Figure 5.3E), therefore, demonstrate bottom waters were anoxic. However, the use of the 

lycopane ratio implicitly assumes a relatively constant input of resistant long-chain n-

alkanes (including the n-C31 alkane that is used in the ratio). The relatively low input of 

these components at Site 1260 may have skewed the ratio towards comparatively high 

values. Still, as lycopane is a labile compound unable to survive prolonged exposure to 

oxygen, the high lycopane concentrations alone already indicate excellent preservation of 

the OM and imply permanently anoxic bottom water conditions during deposition of the 

complete interval studied. The absence of bioturbation and the extremely low 

concentrations of MnCF, which is remobilized during anoxic conditions, are further evidence 

for permanent bottom water anoxia at Site 1260. 
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Prior to the OAE-2 interval, CuCF, MoCF, NiCF, VCF and, although more scattered, UCF 

concentrations increase (Figure 5.4), this could be interpreted as an indication of water 

column conditions becoming more oxygen depleted. However, the simultaneous rise in 

ZnCF concentrations together with increasing Os concentrations (Turgeon and Creaser, 

2008) suggests that the increase in these TMs is more likely related to enhanced 

hydrothermal input (Arthur et al., 1990). Increased hydrothermal input during the 

Cenomanian-Turonian is certainly likely, as volcanic activity was enhanced shortly before 

and during the Cenomanian-Turonian interval (Sinton and Duncan, 1997, Snow et al., 2005, 

Kuroda et al., 2007).  

 

 

Figure 5.6 During the Cenomanian-Turonian-transition at ODP Site 1260, elevated isorenieratane 
and chlorobactane concentrations are found mainly during times of high sea surface 
temperatures (SSTs). Dark grey circles represent isorenieratane concentrations from OAE-2 
samples, while light grey circles represent isorenieratane concentrations from samples from 
above or below the OAE at this site. Dark grey squares represent chlorobactane concentrations 
from OAE-2 samples; light grey squares represent chlorobactane concentrations from samples 
from above or below the OAE. 

 

Although the high lycopane to n-alkane ratios (Figure 5.3E) demonstrate that bottom water 

conditions remained continuously anoxic during the interval studied, conditions in the photic 

zone were more variable. Isorenieratane and chlorobactane are present in low 

concentrations before OAE-2, revealing that the base of the photic zone occasionally 
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became euxinic before the OAE-2 (Figure 5.3F and 5.3G). At the start of the OAE-2 

interval, extremely high concentrations of isorenieratane are encountered for the first time. 

The major increase in isorenieratane and chlorobactane concentrations at the start of OAE-

2 demonstrates that euxinic conditions expanded into the base of the photic zone. These 

high concentrations suggest that photic zone euxinia was strongest at the beginning of 

OAE-2. The small increase in AsCF, CoCF and FeCF concentrations at the start of the OAE-2 

interval is in line with an expansion of anoxic conditions in the water column.  

The maximum isorenieratene concentrations at the start of OAE-2 coincide with a rapid 

increase by two degrees in SSTs (Forster et al., 2007) (Figure 5.3D and 5.3F). 

Isorenieratane and chlorobactane concentrations plotted against SSTs show that the 

highest concentrations of these compounds occur at higher SSTs (Figure 5.6). As 

stratification develops by density differences of water masses in the ocean, these 

differences can be due to changes either in salinity or in temperature. Apparently, high 

SSTs resulted in stronger ocean stratification, enabling the chemocline to shoal into the 

base of the photic zone at Demerara Rise. 

Following the strong euxinic photic zone conditions at the start of OAE-2, there is a 

substantial decrease in isorenieratane concentrations (426.0-425.6 mcd, just below the 

lower carbonate layer, Figure 5.3F). Interestingly, this drop coincides with relatively lower 

SSTs. Apparently, during the later part of phase A of OAE-2, there was a period of surface-

water cooling, which might have led to enhanced convective overturn and subsequent re-

oxygenation of the base of the photic zone. This mid-OAE-2 cooling could well be 

equivalent to the “Plenus Cold Event” in Europe (as defined by Gale and Christensen, 

1996, Forster et al., 2007). This temporary cooling within OAE-2 was originally based on 

the southward migration of boreal fauna in NW-Europe (Jefferies, 1962, Gale and 

Christensen, 1996, Voigt et al., 2004). The “benthonic zone”, a period of oxygenated bottom 

waters during OAE-2 in the Western Interior Seaway of the U.S (Leckie et al., 1998) was 

probably synchronous with the Plenus cold event. Therefore, it seems likely that there was 

a, perhaps worldwide, period of cooling and associated oceanic mixing during OAE-2 

(Jenkyns et al., 1994, Keller and Pardo, 2004, Forster et al., 2007). A short benthic 

foraminiferal repopulation event, observed in all Demerara Rise cores (Friedrich et al., 

2006), reveals that even bottom waters were ventilated during this interval of cooling. 

Based on the faunal characteristics the bottom water changed from anoxic to dysoxic. 

Additional evidence for dysoxic conditions rather than fully oxic bottom water comes from 

the absence of strongly elevated Mn concentrations (“a Mn spike”) during this repopulation 
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event (Figure 5.4). Dissolved Mn2+ in the anoxic water column would precipitate during 

complete reoxygenation, resulting in a major flux to the sea floor. Alternatively, the 

possibility exists that bottom waters did become completely oxic but remobilisation of Mn 

during a later stage of anoxia might have erased most of this spike. The small increase in 

Mn and Co concentrations in the samples above the foraminiferal repopulation level could 

then suggest that bottom waters did remain oxygenated/suboxic for a longer period. 

However, even though MnCF concentrations increase slightly, concentrations generally 

remain lower than would be expected for fully oxygenated bottom water conditions. 

Enrichment factors of Mn in these samples are around 1, which corresponds to typically low 

oxygen environments such as sapropels and Cenomanian-Turonian sediments from other 

sites (Brumsack, 2006). The modestly increased Mn and Co concentrations are more likely 

associated with the formation of pyrite (Huerta-Diaz and Morse, 1992). Moreover the lack of 

bioturbation and the continuously high values for the lycopane proxy (Figure 5.3E) are 

clearly in line with persistent anoxic to dysoxic bottom waters (Figure 5.7). Presumably, the 

foraminiferal repopulation event represents a short term, snapshot view of the situation at 

the time, while biomarkers and TM show a longer, averaged out representation of events. 

Biomarkers could not be studied in the lower carbonate layer (425.91-425.66 mcd) due to 

low TOC levels. Both carbonate layers demonstrate a major change in mineralogical 

composition. The concentration of TiCF and AlCF increase, while KCF decreases (Figure 5.4). 

This could be the result of an ash layer intercalated within the overall pelagic sediments. 

Authigenic carbonates could then have precipitated in these relatively porous ash layers 

(Hein et al., 1979, Hetzel et al., 2009). In general, biogenic carbonates are rich in Sr 

(Brumsack, 1980). Consequently, the relatively low Sr/Ca ratios in the carbonate layers 

indicate this carbonate is probably authigenic, rather than biogenic. At the deeper 

Demerara Rise site 1258, several, centimeter-thick ash layers are observed during this 

interval (Hetzel et al., 2009), suggesting that the lower single carbonate layer at Site 1260 

actually represents a succession of thinner ash layers.  

Above the lower carbonate layer (425.57 mcd), an increase in isorenieratane and 

chlorobactane concentrations demonstrates that the base of the photic zone became 

euxinic again (Figure 5.3F and 5.3G). Chlorobactane concentrations are highest at the end 

of phase B and during phase C, suggesting that at this time, photic zone anoxia reached 

the shallowest water levels. At the same time, SSTs increase again and then remain stable 

at around 35 C°.  
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No clear changes occur in the TM or biomarker records at the boundary between phase A 

and phase B. However, in phase C, simultaneously increasing isorenieratane and TM 

concentrations (Fe, As) indicate conditions became again more euxinic. After phase C, 

isorenieratane concentrations drop to pre-OAE values, indicating that conditions at the base 

of the photic zone were generally oxic (Figure 5.7). However, TM patterns and the 

occurrence of lycopane demonstrate bottom waters remained anoxic. 

 

 

Figure 5.7 Simplified schemes of paleoenvironmental changes on Demerara Rise: (A) Before 
OAE-2. (B) During OAE-2, when high sea surface temperatures and strong stratification 
occurred. The occurrence of isorenieratane and chlorobactane demonstrates the presence of 
green sulfur bacteria and therefore photic zone euxinia. (C) During OAE-2, when surface water 
mixing and cooler temperatures prevailed. Lower isorenieratane and chlorobactane 
concentrations indicate water column mixing, the presence of lycopane suggests bottom water 
remained anoxic. 
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Trace metal drawdown during OAE-2 

During OAE-2 the area in the proto-North Atlantic characterized by anoxic bottom waters 

expanded significantly. Burial of redox sensitive elements immobilized under oxygen-

depleted conditions consequently increased, resulting in an overall decrease of 

concentrations of these elements in seawater. The considerable depletion in Mo, Ni, U, V 

and Zn at the start of OAE-2 (Figure 5.4), thus, may reflect such a decreased oceanic TM 

inventory (Algeo, 2004, Hetzel et al., 2009), related to an expansion of anoxic bottom water 

conditions. Before the OAE-2 interval, when sea water TM concentration were at their 

“regular” Cretaceous values, the anoxic conditions at Demerara Rise resulted in enhanced 

local immobilization of redox sensitive TMs. Directly following the onset of the OAE, a basin 

wide drawdown of redox sensitive elements decreased the accumulation of these elements 

at Demerara Rise. This decrease in TM concentrations occurred, even though, water 

column anoxia expanded locally, as shown by the strong increase in S-bound 

isorenieratane and chlorobactane concentrations. After OAE-2 concentrations of MoCF, 

NiCF, UCF, VCF and ZnCF increase again in phase C (Figure 5.4), while, at the same time, 

high lycopane, isorenieratane and chlorobactane concentrations indicate that local water 

column conditions remained euxinic (Figure 5.3F and 5.3G). This increase may be due to a 

restoration of the seawater TM inventory to “regular” Cretaceous values.  

A sudden and drastic drop in the seawater TM inventory requires large parts of the ocean 

floor becoming anoxic at the same time. The abrupt depletion of MoCF, NiCF, UCF, VCF, ZnCF 

and possibly CuCF at the start of the OAE at Demerara Rise thus seem to reflect a proto-

North Atlantic wide synchronous onset of OAE-2. This change in the TM inventory is further 

illustrated when plotting records of V, Mo, U and Zn against TOC (for a more detailed 

explanation see Hetzel et al. 2009).  

Water column anoxia in the North Atlantic during OAE-2 

Most of the hitherto investigated North Atlantic sites also show signs of bottom water anoxia 

and photic zone euxinia during OAE-2. Anoxia and euxinia, however, did not occur 

everywhere to the same extent (Bralower and Thierstein, 1987, Sinninghe Damsté and 

Köster, 1998). In the northern and eastern part of the proto-North Atlantic for instance, there 

is clear evidence of occasional bioturbation and therefore bottom water re-oxygenation 

during OAE-2 (Figure 5.2; DSDP Sites 105 and 603B, Herbin et al., 1987, Kuypers et al., 

2004, Tarfaya Basin, Kolonic et al., 2005). Bottom water anoxia seems to have been more 

intense in the south, where bottom waters stayed anoxic during the entire OAE-2 interval 

(Figure 5.2; DSDP sites 367 and 144, Kuypers et al., 2002b, ODP Site 1260, this study).  
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From the widespread occurrence of isorenieratane derivatives during OAE-2 it becomes 

clear that euxinia reached the base of the photic zone at several locations (DSDP Sites 

144, 367, 368 and Tarfaya Basin, Sinninghe Damsté and Köster, 1998, Kuypers et al., 

2002b, DSDP Sites 105 and 603B, Kuypers et al., 2004, ODP Site 1260, this study). While 

in the north and southeast of the proto-North Atlantic, isorenieratane already occurs 

regularly before and after the OAE-2 interval (sites S13, 367 and 603B Kuypers et al., 

2002b, Kolonic et al., 2005), isorenieratane was only observed in one sample predating the 

OAE-2 interval at Demerara Rise Site 144 (Kuypers et al., 2002b). This was explained by a 

shallower position of the chemocline in the southeast of the basin (Kuypers et al., 2002b). 

At Demerara Rise Site 1260, isorenieratane occurs also before and after OAE-2, albeit in 

low concentrations, indicating that the chemocline was not necessarily shallower in the 

southeast North Atlantic. On the contrary, at the northern proto North Atlantic sites (DSDP 

Sites 105 and 603B) isorenieratane abundances are much lower (Kuypers et al., 2004) 

during OAE-2 than in the south. Previously measured values range from 7 ng g-1 TOC 

(Kuypers et al., 2004) to 150 μg g-1 TOC (Kuypers et al., 2002b). To the best of our 

knowledge, the concentration of 270 μg g-1 TOC observed at site 1260 at the onset of the 

OAE is the highest isorenieratane concentration measured in any OAE-2 site up to now, 

indicating that, at least during OAE-2, photic zone euxinia occurred probably much more 

frequent in the south.  

The occurrence of S-bound chlorobactane demonstrates that extremely shallow photic zone 

anoxia occurred in the south and southeast of the proto-North Atlantic. At Tarfaya, S-bound 

chlorobactane was found in sediments deposited prior to, during and after the OAE-2 

interval (Kolonic et al., 2005), while at DSDP Sites 367 and 144 S-bound chlorobactane 

was only found within the OAE-2 section, although here, the upper part of OAE-2 was not 

recovered during drilling (Kuypers et al., 2002b). Since chlorobactane concentrations are 

highest during the OAE-2 interval at most locations in the proto-North Atlantic, it seems 

photic zone anoxia became more pronounced during OAE-2. Although large parts of the 

North Atlantic clearly experienced photic zone anoxia during the OAE-2 interval, the slight 

increase in FeCF concentrations during OAE-2 at Site 1260 (Figure 5.4) requires an 

additional source of iron during deposition of this interval. Fe-enrichment can occur during 

euxinic conditions at the depositional site as long as there is a zone with anoxic but non-

sulfidic conditions, in the same basin, allowing reductive Fe mobilization and subsequent Fe 

transport (Lyons and Severmann, 2006). Similarly, the extremely low Mn concentrations at 

Site 1260 demonstrate that there must have been oxygenated areas elsewhere in the North 
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Atlantic, where Mn presumably was deposited (Hetzel et al., 2009). Possibly the lack of a 

significant Mn enrichment in the proto-North Atlantic was due to the export of Mn in oxygen-

depleted waters to the proto-Pacific. At the Northwest Australian margin, Mn-poor 

sediments were deposited within the OMZ during OAE-2, while sediments extremely rich in 

Mn were deposited below the OMZ, indicating oxic deep waters during the Cenomanian-

Turonian interval at this location (Thurow et al., 1992).  

OM accumulation rates in the North Atlantic 

The AROC at Site 1260 of ca. 0.3 gC m-2 yr-1, is substantially lower than the 9 and 12 gC m-2 

yr-1 calculated previously for Site 367 (Kuypers et al., 2002b) and Tarfaya Basin (Kolonic et 

al., 2005), respectively (Figure 5.2). The AROCs from Tarfaya and Site 367 were calculated 

using shorter durations for OAE-2 (400 kyr for Site 367 and 490 kyr for Tarfaya), however 

when these AROCs are adjusted for a duration of 550 kyr for OAE-2, they are still an order 

of magnitude higher than the AROCs calculated for Site 1260. The AROC is influenced by 

both the rate of primary production and the degree of preservation of OM exported from the 

ocean surface to the sediment. Our TM and biomarker data indicate that organic matter 

preservation at Site 1260 was excellent. Furthermore, the excellently preserved laminations 

make post-depositional loss of sediments through winnowing unlikely. Preservation being 

excellent and post depositional loss of organic matter ruled out, primary production rates 

must have been relatively low compared to other locations in the southern proto-North 

Atlantic Ocean. Since biogenic barium was almost completely removed during diagenesis 

at Site 1260 (Brumsack, 1986, Arndt et al., 2006) it can no longer be used to test this 

hypothesis. Although both P and Y are commonly associated with phosphates, and high 

concentrations of these elements are thus indicative for enhanced productivity, P is also 

lost from the sediment during truly anoxic/euxinic conditions (Ingall et al., 1993).  

Relatively low productivity during the OAE at Demerara Rise could be caused by the 

Cenomanian-Turonian transgression (Hancock and Kauffman, 1979, Haq et al., 1987) 

which resulted in an extended shelf area, trapping sediment and nutrients from the South 

American continent. Simultaneously, low productivity and a reduced sediment input resulted 

in suspension free waters, facilitating light penetration into the deeper euxinic part of the 

water column, creating an ideal environment for the growth of green sulfur bacteria (Figure 

5.7).  
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Conclusions 

Demerara Rise experienced anoxic bottom water conditions, not only during OAE-2, but 

also during most of the Cenomanian-Turonian transition. During OAE-2, the water column 

became euxinic from the bottom waters up to, at least, the lower part of the photic zone. 

The anoxic setting during OAE-2 was interrupted by a period of re-oxygenation, during 

which, the photic zone became temporarily oxygenated and bottom waters probably 

became suboxic. The decrease in TM enrichment factors during OAE-2 suggests a decline 

in the supply of trace metals to the Demerara Rise area. The increase of isorenieratane 

concentrations, while at the same time trace metal concentrations decrease, suggests that 

the onset of OAE-2 occurred approximately synchronous in the proto-North Atlantic. 
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Abstract 

A reaction-transport model was used to infer the long-term evolution of anaerobic organic 

matter degradation in Cretaceous black shales from the distribution of authigenic barite in 

sediments drilled at Demerara Rise (ODP Leg 207, Site 1258). In these sediments, sulfate-

reduction and methanogenesis are the major pathways of organic matter decomposition 

and the depth-distribution of authigenic barite serves as an indicator for the temporal 

evolution of the sulfate-methane transition zone (SMTZ), the strength of the biogenic 

methane flux and, ultimately, the organic matter reactivity in the black shales over 

geological timescales. Organic matter degradation is described according to the reactive 

continuum model approach and parameters values are determined by inverse modeling, 

based on present-day porewater and authigenic barite profiles. Fully transient simulations 

were performed over a period of 100 Myrs and indicate that important features of the 

biogeochemical dynamics are associated to changes in the boundary forcing. Hiatuses in 

sediment accumulation rate result in quasisteady-state conditions and lead to distinct 

accumulations of authigenic barites in the SMTZ. The inversely determined parameters 

reveal that the reactivity of the organic matter was already low (apparent first order rate 

constant k ≈ 10-4 yr-1 - 10-6 yr-1) at the time of its deposition in the Cretaceous. The 

geochemical characteristics of sediments drilled at Demerara Rise, as well as the presence 

of specific biomarkers, suggest that this low reactivity is most likely due to the euxinic 

palaeo-conditions which favored the sulfurization of the organic matter. Simulation results 

predict average initial organic carbon contents between 8.1 and 9.5 wt%, implying a high 

preservation efficiency of the organic matter (between 79% and 89%). Calculated mass 

accumulation rates (between 0.43 and 0.5 g C m-2 year-1) compare well with estimations for 

the western basin of the Cretaceous southern North Atlantic. Simulation results thus 

indicate that the enhanced preservation of organic matter under euxinic conditions may 



6. OM degradation in Cretaceous black shales inferred from authigenic barite: A reaction-transport model 

151 
 

have been the main cause for the formation of organic-rich Cretaceous black shales at 

Demerara Rise. 

 
Keywords: Reaction-transport model, Cretaceous black shales, organic matter degradation, organic matter 

burial, sulfate methane transition zone, authigenic barite, Demerara Rise, ODP Leg 207 
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Introduction 

On a global scale, mid-Cretaceous (120 to 80 Myrs) sediments are characterized by 

relatively thick layers of organic-rich black shales (Stein et al., 1986). These black shale 

sequences are linked to a series of significant perturbations in the ocean-atmosphere 

system, the so-called oceanic anoxic events, OAE, (e.g. Schlanger and Jenkyns, 1976; 

Jenkyns, 1980; Arthur et al., 1990). The enhanced sequestration of organic carbon during 

these extreme events not only had a significant impact on Cretaceous ocean chemistry and 

climate, but also played an important role in the formation of petroleum source rocks. 

However, the exact nature and functioning of the palaeo-environment that fostered the 

massive and almost ubiquitous deposition of organic carbon-rich sediments is still a matter 

of debate. 

In the past, Cretaceous black shale formation has often been related to an increased 

organic matter preservation in an anoxic ocean (e.g. Demaison and Moore, 1980), 

increased oceanic productivity (e.g. Pederson and Calvert, 1990) or a combination of both 

(e.g. Erbacher et al., 2001; Wilson and Norris, 2001; Brumsack, 2006). However, results 

from the analysis of shale organic carbon (e.g. Arthur et al., 1987, 1988; Meyers et al., 

2001; Lyons et al., 2003), diagenetic modeling (e.g. Berner, 1980; Westrich and Berner, 

1984; Middelburg, 1989; Boudreau and Ruddick, 1991; Tromp et al., 1995; Walllmann et 

al., 2006) as well as observations from modern day analogs (e.g. Emerson, 1985; Tyson 

and Pearson, 1991; Canfield, 2001) substantially advanced the general understanding of 

organic carbon burial over the past decades and primary production, sedimentation/dilution 

and microbial degradation have been identified as the main controls for organic carbon 

burial in marine sediments (e.g. Emerson and Hedges, 1988; Arthur and Sageman, 1994; 

Canfield, 1994; Tyson, 2001). Nonetheless, the relative importance of each of these 

processes is difficult to assess (Demaison and Moore, 1980; Ibach, 1982; Pederson and 

Calvert, 1990; Sageman et al., 2003; Burdige, 2007). This is particularly true for ancient 

sediments, such as Cretaceous black shales. In these sediments, long-term trends in 

sedimentation rates can be comparably well constrained by dating of the ocean drill core. 

However, the estimation of palaeo-productivity is generally complicated by the strong 

diagenetic overprint of palaeoproxies (e.g. barite). More important, our quantitative 

understanding of microbial degradation processes over geological time scales is very 

limited. A better quantification of organic matter degradation during burial could therefore 

provide important insights into the mechanisms of black shale formation and could thus 

ultimately shed light on the functioning of the mid-Cretaceous carbon cycle. Generally, a 
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pronounced decrease in organic matter degradation rates during burial has been 

documented for different environments and over time scales ranging from hours to millions 

of years (Middelburg, 1989; Boudreau and Ruddick, 1991). Nevertheless, observations and 

diagenetic modeling results show that the organic matter in ancient, deeply buried organic 

carbon-rich strata still provides a suitable substrate for ongoing microbial degradation 

(Krumholz et al., 1997; Coolen et al., 2002; Krumholz et al., 2002; Moodley et al., 2005; 

Arndt et al., 2006). 

The reconstruction of the diagenetic history in these sediments is complicated by the 

superposition of various diagenetic signals and the limited availability of observations. 

Nevertheless, the distribution of authigenic mineral phases may be key to a deeper 

understanding of long-term biogeochemical dynamics, since it provides a detailed record of 

the spatio-temporal redox dynamics and related microbial activities. Authigenic pyrites, for 

instance, indicate the migration of redox-fronts and a later sulfidization of underlying 

sediments as described for sediments below sapropels of the Kau Basin (Middelburg, 

1991), the Eastern Mediterranean (Passier et al., 1996), the Baltic Sea (Böttcher and 

Lepland, 2000), or the Black Sea (Jørgensen et al., 2004). Authigenic barite fronts may 

serve as indicators for the past and present location of redox fronts, methane fluxes or 

hiatuses in sedimentation rate (Brumsack, 1986; van Os et al., 1991; Bréhéret and 

Brumsack, 2000; Dickens, 2001; Arndt et al., 2006). Yet, authigenic minerals are also 

sensitive to diagenetic alteration. Earlier formed authigenic fronts, for instance, may 

redissolve at later stages or may be superimposed by more recent accumulations. The 

interpretation of this record can therefore be seriously compromised. In this respect, 

mathematical modeling is a powerful tool to ‘‘rewind the tape”. Transient reaction-transport 

models (RTMs) can help to resolve the diagenetic history that created the observed 

distribution. A model that reproduces the observed present-day depth-distribution of 

authigenic minerals and the depth-profiles of interstitial waters can provide a quantitative 

understanding of diagenetic processes, deposition and burial fluxes over geological time 

scales. And yet, the application of RTMs over geological time scales is severely limited by 

data constraints. Black shale sequences and interstitial water gradients obtained by deep 

sea drilling are usually not analyzed at a sufficiently high resolution for a detailed 

interpretation of past environmental change and possible diagenetic overprints. 

Sediment sequences drilled at Site 1258 during ODP Leg 207 (Ocean Drilling Program) at 

Demerara Rise provide an excellent and comprehensive data set (Erbacher et al., 2004). 

These sections contain deep-seated extended Cretaceous black shale sequences, which 
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still provide a suitable substrate for ongoing metabolic activity in a modern day deep 

biosphere setting (Erbacher et al., 2004; Arndt et al., 2006). Steady-state simulations of the 

present-day situation revealed that authigenic barite dynamics are controlled by the depth 

of the sulfate-methane transition zone (SMTZ) and thus by the diffusive flux of biogenic 

methane out of the black shale sequences (Arndt et al., 2006). Arndt et al. (2006) therefore 

hypothesized that the distribution of authigenic barites above the black shales serves as an 

indicator for the temporal evolution of the SMTZ, the strength of the biogenic methane flux 

and ultimately for the evolution of organic matter reactivity in the black shales over the past 

100 Myrs. In this study, the black shale overlying sediments are sampled with a high 

enough spatial resolution to obtain a detailed barite depth-profile within the model-

determined, critical depth range. The new high-resolution barite depthprofile offers, in 

combination with the comprehensive standard ODP data set and a total number of 152 

interstitial water samples, sufficient information to constrain a transient RTM which can be 

used to hindcast the evolution of biogeochemical fluxes and transformations over the past 

100 Myrs and to test the earlier formulated hypothesis. Simulation results allow estimates of 

the initial organic matter content and its reactivity, as well as their long-term evolution from 

the shallow subsurface to the deep biosphere. These quantifications shed light on the 

functioning of the sedimentary carbon sink during the Cretaceous, the nature of the 

depositional environment and the controls of organic carbon preservation in Cretaceous 

black shales. 

Materials and Methods 

Site description 

Demerara Rise is a prominent submarine plateau located at approximately 5°N off the 

coasts of Suriname and French Guyana (Fig. 6.1). It is built on rifted continental crust of 

Precambrian and early Mesozoic age and was one of the last areas in contact with West 

Africa prior to the opening of the equatorial Atlantic. The rise stretches approximately 380 

km along the coast and reaches a width of around 220 km from the shelf break to the 

northeastern escarpment, where water depths increase sharply from 1000 to over 4500 m. 

While most of the plateau lies in shallow water (700 m), the northwest margin is a gentle 

ramp that reaches depths of 3000-4000 m. Here the plateau is covered by 2-3 km of 

pelagic sediment down to water depths >4000 m. Sediment sequences drilled at the 

northern flank of Demerara Rise during ODP Leg 207 are of lower Albian to Neogene 

origin, thus reflecting a significant part of the palaeoceanographic history of the tropical 
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Atlantic Ocean. Upper Albian sediments are mostly green clayey carbonate siltstones. The 

Cenomanian to Santonian sequence consists almost exclusively of laminated carbonate-

rich, calcareous black shales with occasional stringers of limestone and chert. In total, 

about 650 m of black shales were recovered during ODP Leg 207 (Erbacher et al., 2004). 

Critical intervals recovered include multiple copies of OAE 2 and 3. Campanian to 

Paleogene sediments are calcareous to siliceous oozes and chalks. A prominent submarine 

channel system and erosional surface developed in the late Oligocene to early Miocene. 

The channels carried sediment east-to-west over the flank of the plateau and into feeder 

channels for a submarine fan that formed northwest of the Demerara Rise. The channel 

system was short-lived and most of the Neogene sediments are thin (a few meters) or 

absent from the distal portions of the plateau. 

 

 

Figure 6.1 Location of ODP drill Sites (1257-1261) on Demerara Rise (ODP Leg 207, Equatorial 
Atlantic). The presented study focuses on observations from drill Site 1258. 
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Previous work and modeling strategy 

At Demerara Rise, sediment sequences were drilled at five drill Sites (Site 1257-1261, 

Erbacher et al., 2004). All drilled sections are characterized by the presence of a distinct, 

deep-seated (150-500 mbsf) Cretaceous black shale sequence, which still exhibits very 

high total organic carbon contents (TOC) of up to 30 wt% (Fig. 6.2). In contrast, overlying 

Campanian to Pleistocene chalks and oozes reveal relatively low TOC contents. Interstitial 

sulfate (SO4) concentrations decrease linearly from the sediment-water interface to the top 

of the black shale sequence. The depletion in interstitial SO4 is accompanied by an 

increase in ammonium and methane (CH4) concentrations within the black shale layer (Fig. 

6.2). Observed interstitial water depth-profiles thus indicate that almost 100 Myrs after their 

deposition, deeply buried Cretaceous black shales still act as active bioreactors at great 

sediment depths and control the biogeochemical reaction network in these sediments 

(Erbacher et al., 2004). 

On the basis of the collected data set, Arndt et al. (2006) designed a steady-state RTM to 

identify and quantify the importance of the biogeochemical transformation processes in the 

present-day, deep biosphere setting at Demerara Rise. Reaction rate constants were 

determined through inverse modeling techniques and provide a first estimate of the most 

pertinent biogeochemical rate constants. Simulation results show that the Cretaceous black 

shales still provide a suitable substrate for an ongoing metabolic activity in these sediments. 

Methanogenesis is a key process, dominating not only the organic matter degradation in 

the black shales but also the SO4 availability through the anaerobic oxidation of methane 

(AOM) above the black shales (Arndt et al., 2006). The complete depletion of SO4 within 

the black shale sequences results in an undersaturation of pore waters with respect to 

barite (BaSO4) and, therefore, promotes the remobilization of biogenic barium (Ba). 

Remobilized Ba diffuses out of the black shale layer and reprecipitates as authigenic 

BaSO4 in the SMTZ, where the presence of SO4 increases the saturation state of the 

interstitial waters. Therefore, Arndt et al. (2006) argued that elevated authigenic BaSO4 

contents should coincide with the SMTZ and may serve as an indicator for the AOM, the 

intensity of the biogenic CH4 production in the black shales and ultimately for the reactivity 

of the bulk organic matter (Arndt et al., 2006).  
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Figure 6.2 Observed (a) TOC, (b) SO4, (c) CH4 and (d) Ba concentration depth-profiles in 
sediments drilled at Site 1258 (ODP Leg 207, Demerara Rise). The location of the Cretaceous 
black shale sequence is indicated by a gray box. A corresponding geological time scale is 
illustrated on the left of the depth scales. 
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However, core observations as well as a very limited data set of solid-phase barium excess 

values did not reveal the presence of a single, pronounced authigenic BaSO4 front in the 

vicinity of the SMTZ. In fact, authigenic BaSO4 crystals of mm to cm scale were frequently 

observed over the whole length of Campanian to Paleogene sediment sequences 

(Erbacher et al., 2004; Arndt et al., 2006). Arndt et al. (2006) hypothesized, that the 

absence of a distinct authigenic front may indicate varying intensities of CH4 production 

during burial. The resulting variations in CH4 flux would have induced important shifts of the 

SMTZ and, therefore, would have inhibited the formation of a single front or would have led 

to the dissolution of already formed fronts. This hypothesis was supported by the results of 

a sensitivity study, which revealed that the SMTZ is, indeed, extremely sensitive to the rate 

of methanogenesis in the black shales. Under steady-state conditions, a doubling of the 

rate constant of methanogenesis shifts the SMTZ about 100 m up in the sediment (Arndt et 

al., 2006). The authigenic BaSO4 distribution above the black shales thus provides a 

detailed record of the past and present location of the SMTZ and the temporal evolution of 

organic matter degradation. Unfortunately, the spatial resolution of the available BaSO4 

depth-profiles was too coarse (ca. 10 - 30 m) to allow inferring these information. Instead, 

Arndt et al. (2006) provided first, rough estimates of the initial organic matter reactivity by 

applying the power model within a reasonable range of initial organic matter contents. They 

concluded that the initial reactivity of black shale organic matter was probably orders of 

magnitude lower than in modern marine sediments. Based on observations from similar 

black shale bearing sites, they speculated that this apparent refractory nature of the black 

shale organic matter might be related to an anoxic/euxinic character of the depositional 

environment. However, the proposed hypothesizes and estimates had to remain purely 

speculative, since the available BaSO4 did not allow verifying the estimated initial reactivity 

and its evolution. In addition, little was known about the nature of the depositional 

environment during the black shale formation at Demerara Rise. 

Based on these simulation results, a new analytic and modeling strategy is designed to test 

and refine the earlier formulated hypothesis and to provide a quantitative understanding of 

the long-term evolution of biogeochemical transformations and fluxes accompanying 

organic matter breakdown on geological time scales. The black shales overlying chalks and 

calcareous claystones of Site 1258A (Units III to IIc, Erbacher et al., 2004) are sampled with 

high resolution (ca. 50 cm) to obtain a detailed BaSO4 depth-profile within a critical depth 

range identified by the steady-state simulation results. The resulting highly resolved depth-

distribution of BaSO4 provides a detailed record of the past and present location of the 
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SMTZ and, therefore offers, in combination with the growing ODP Leg 207 data set, a 

unique opportunity to study the long-term biogeochemical dynamics at Demerara Rise. A 

direct interpretation of this record is however complicated by the strong diagenetic overprint 

and the superposition of various signals. Therefore, a transient RTM is designed on the 

basis of the mechanistic understanding developed in the steady-state modeling study. The 

modeling procedure has to be carried out backwards, since the model attempts to 

reconstruct past conditions based on indirect evidence. In other words, the problem mainly 

consists in finding a set of parameters that reproduces the observed BaSO4 distribution and 

the present-day depth-profiles. Such an extraction of model parameter values from 

available data is called an inverse problem. In general, inverse modeling is hampered by 

two problems. First, models often contain a number of free parameters that may not be fully 

determinable on the basis of available data. Second, a number of different models may 

explain a given data set equally well, at least in the sense of measures of misfit. However, 

previous modeling efforts revealed that the long-term redox dynamics below the shallow 

subsurface at Demerara Rise are mainly controlled by the degradation of organic matter in 

the distinct black shale layer (Arndt et al., 2006). Therefore, the presented inverse modeling 

approach focuses on the parameters describing organic matter degradation. The parameter 

values of the additional biogeochemical and transport processes, such as AOM or BaSO4 

precipitation/dissolution are adopted from the previous steady-state model (Arndt et al., 

2006). This approach reduces the number of free parameters and, therefore, the number of 

models that may potentially fit the data equally well. In addition, it uses the available data 

efficiently to constrain the most sensitive parameters. Furthermore, the growing, 

comprehensive ODP data set also limits the number of possible model scenarios. 

Therefore, the parameter set that reproduces the high-resolution BaSO4 distribution and the 

observed interstitial water depth-profiles may help constrain the timedependent evolution of 

organic matter reactivity on time scales that fall far beyond the reach of laboratory 

experimentation. The RTM can then be used to resolve the diagenetic history, recorded in 

the observed present-day depth distribution of authigenic BaSO4. The presented model 

approach may shed light on the functioning of the sedimentary carbon sink during the 

Cretaceous. It may further offer insight into the conditions that may have prevailed at the 

seafloor during episodes of enhanced organic carbon sequestration in marine sediments, 

such as during OAEs. 
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Sampling methods 

During ODP Leg 207 interstitial waters, covering a depth range from the sediment/seawater 

interface to 548 mcd (meters composite depth), were collected and processed using 

standard ODP methods (Gieskes et al., 1991). CH4 measurements were performed in the 

framework of the routine monitoring of interstitial gas contents and a special microbial gas 

study (Meyers et al., 2004). A faint odor of hydrogen sulfide was noticeable in sediment 

samples from the black shale sequence, but the gas could not be detected with the natural 

gas analyzer in headspace samples. The amount of total organic carbon (TOC) was 

calculated as the difference between total carbon and inorganic carbon, which were 

determined using a infrared analyzer and a CO2 coulometer coupled to an acidification 

module, respectively. A detailed description of the standard shipboard operations and 

analysis can be found in Erbacher et al. (2004) and Hetzel et al. (2006). On board, splits of 

all squeeze cakes (pore water squeezing residues) were taken, freeze-dried, and stored in 

polyethylene bags. In addition, the black shales overlying chalks and calcareous claystones 

of Site 1258A (Units III to IIc, Erbacher et al., 2004) were sampled post-cruise in the 

Bremen Core Repository. Sediment splits were taken every approximately 0.5 m spanning 

a depth range of 258.1-385.3 mbsf. At the ICBM, freezedried sediment splits were ground 

and homogenized in an agate ball mill. Sedimentary barium concentrations, Bat, were 

determined by X-ray fluorescence (XRF) analysis. For this purpose, 600 mg of sample 

powder were mixed with 3600 mg of a 1:1 mixture of dilithiumtetraborate (Li2B2O7) and 

lithiummetaborate (LiBO2), pre-oxidized at 500 °C with NH4NO3 (p.a.) and fused into glass 

beads. The glass beads were analyzed by XRF (Philips PW 2400) calibrated with 29 

carefully selected geostandards. Procedures and accuracy of the methods were checked 

with two in-house reference materials. Analytical precision (defined as 100% times the best 

estimated standard deviation (1σ) divided by the mean of the repeats) was better than 

3.1%. Analytical accuracy (defined as 100% times the mean of the repeat analyses divided 

by the expected value) was 105.0%. Since the sedimentary barite composition consists 

mainly of barite and detrital aluminosilicates (Schenau et al., 2001; Robin et al., 2003), 

barium excess concentrations, Baxs, were corrected for the barium incorporated in 

aluminosilicates by applying the minimum barium-alumnium ratio found in sediments at Site 

1258 (𝐵𝑎௧/𝐴𝑙) = 0.003433: 

 𝐵𝑎௫௦(𝑧) = 𝐵𝑎௧(𝑧) − 𝐴𝑙(𝑧) ⋅ 𝐵𝑎௧/𝐴𝑙 (1) 

The corrected barium excess concentrations were used to calculate barite concentrations. 
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Model Description 

Transport 

The one-dimensional conservation of dissolved and solid species 𝐶௜  (e.g. Berner, 1980; 

Boudreau, 1997) is given by: 

 ப஼೔ப௧ = − பி೔ப௭ + ∑  𝑅௜ (2) 

The change in concentration of chemical species 𝑖 is balanced by the divergence of mass 

flux, 𝐹௜, and the sum of biogeochemical reactions, ∑  𝑅௜, affecting species 𝑖. For a dissolved 

species undergoing transport by molecular diffusion and compaction-influenced advection, 

the conservation equation reads: 

 பϕ஼೔ப௧ = 𝐷௜′ ப஼೔మப௭మ + ൬஽೔′
ϕ

பϕப௭ + ப஽೔′ப௭ − ϕಮ⋅ఠ
ϕ

൰ ப஼೔ப௭ + ϕ∑  𝑅௜ (3) 

where  is the porosity, ϕஶ is the constant porosity at depth and 𝜔 is the sedimentation 

rate. The effective diffusion coefficients, 𝐷௜′ , are determined by correcting the diffusion 

coefficients in free solution 𝐷଴,௜  for tortuosity, Θଶ , where the tortuosity is calculated by 

means of porosity according to a modified Weissberg relation (Boudreau, 1997). Solid 

species are only affected by advection and sediment compaction. Biological transport 

processes, such as biodiffusion or bioirrigation have a negligible effect at the considered 

depth (>1 m) and time scales (>1 Myr). The conservation equation therefore reads: 

 ப(ଵିϕ)஼೔ப௧ = − (ଵିϕಮ)⋅ఠ(ଵିϕ) ⋅ ப஼೔ப௭ + (1 − ϕ) ∑  𝑅௜ (4) 

Porosity is assumed to decrease exponentially with depth (Erbacher et al., 2004) according 

to: 

  ϕ(𝑧) = 0.4 + 0.3 ⋅ 𝑒(ି௭/ଵହ଴)        (5) 

Reaction network 

The diagenetic reaction network accounts for the degradation of organic matter by sulfate 

reduction and methanogenesis, anaerobic oxidation of methane and barite 

dissolution/precipitation. The RTM does not account for CH4 gas formation. CH4 enters a 

gaseous state if the dissolved CH4
 concentration exceeds the local solubility concentration, 

CH4*. CH4* varies with salinity, temperature and pressure. Duan et al. (1992) proposed a 

numerical solution for the solubility of CH4 as a function of salinity, temperature and 

pressure. A range of realistic values for CH4* can be calculated assuming a maximum 

sediment depth of 550 m, palaeo-waterdepth which increases from 500 m in the 

Cretaceous to a modern depth of 3200 m (Arthur and Natland, 1979), a constant salinity 

and a downcore increase in temperature according to the geothermal gradient. Under these 
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conditions, calculated solubility concentrations, CH4*, are very high (90-200 mM) and, 

therefore, CH4 gas formation can be neglected. 

Following Arndt et al. (2006), AOM is described by a linear dependence on CH4 

concentration and a Monod dependence on SO4 concentration (e.g. Treude et al., 2003). 

 𝑅஺ெை = 𝑘஺ெை ⋅ [𝐶𝐻ସ] ൣௌைరమష൧௄ೄ,ಲಾೀାൣௌைరమష൧ (6) 

The total depletion of SO4 in the sulfate reduction zone can promote the dissolution of 

biogenic BaSO4 in sediments due to a shift in equilibrium. The relatively fast rate of mineral 

dissolution and precipitation allows a solely thermodynamic formulation. Reaction rates of 

dissolution and precipitation are expressed in form of empirical rate laws following 

experimental results (Christy and Putnis, 1993; Bosbach, 2002): 

 𝑅஻௔ௌைర,ௗ௜௦௦ = 𝑘஻௔ௌைర,ௗ௜௦௦[𝐵𝑎𝑆𝑂ସ](Ω − 1) (7) 

                      for Ω < 1 and  

 𝑅஻௔ௌைర,௣௥௘௖ = 𝑘஻௔ௌைర,௣௥௘௖(1 − Ω)ଶ (8) 

                       for Ω > 1 

where 𝑘஻௔ௌைర,ௗ௜௦௦  and 𝑘஻௔ௌைర,௣௥௘௖ are the rate constants for dissolution and precipitation, 

respectively. The state of saturation of the pore water solution  is defined by the ratio of 

the ion activity product over the corresponding solubility product 𝐾௦௣: 
 Ω = [ௌைరమష][஻௔మశ]௄ೞ೛  (9) 

Values of 𝐾௦௣ are calculated as a function of salinity and temperature using an empirical 

relation provided by Rushdi et al. (2000). The rate constants for AOM and barite 

dissolution/precipitation are chosen according to Arndt et al. (2006) and are detailed in 

Table 6.1. 

 

Table 6.1 Rate constants for anaerobic oxidation of methane 𝑘஺ெை, barite dissolution 𝑘ௗ௜௦௦,஻௔ௌைర 
and barite precipitation 𝑘௣௥௘௖,஻௔ௌைర are based on previous steady-state simulations (Arndt et al., 
2006). 

Rate constant Units Value 𝑘஺ெை [𝑦𝑟ିଵ] 2 ⋅ 10ିସ 𝑘ௗ௜௦௦,஻௔ௌைర [𝑦𝑟ିଵ] 3 ⋅ 10ି଼ 𝑘௣௥௘௖,஻௔ௌைర [𝜇𝑀𝑦𝑟ିଵ] 5 ⋅ 10ିସ 
 

In the steady-state version of the model (Arndt et al., 2006), organic matter degradation is 

described by the so-called multi-G model (e.g. Berner, 1980; Boudreau, 1997). However, 

this approach requires an empirical determination of reactive types and associated 
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reactivities by curve fitting. Middelburg (1989) and Boudreau and Ruddick (1991) point out 

that the identification of reactive types is rather a function of the selectivity of the method of 

analysis and, therefore, does not provide any information about the distribution of organic 

matter types. In addition, the multi G-model requires the choice of a relatively large number 

of parameters. Yet, the available information is not sufficient to constrain the number of 

reactive types, as well as the distribution of organic matter and its reactivity among these 

types. A more realistic alternative to the discrete multi-G approach is a continuous 

distribution of reactive types. Two decades ago, Jansen (1984) and Middelburg (1989) 

described the distribution of empirically derived organic matter reactivity over time by a 

power law, thus relating the apparent reactivity, 𝑘, of the bulk organic matter to time rather 

than to a change of composition. Middelburg (1989) proposed the following relationship to 

describe the decrease of the rate of organic matter degradation, 𝑅ீ, with time: 

 𝑅ீ(𝑡) = 0.16 ⋅ (𝑖𝑎 + 𝑡)ି଴.ଽହ ⋅ 𝐺(𝑡) (10) 

where 𝑖𝑎 denotes the apparent initial age of the deposited organic matter. A number of 

other authors proposed alternative approaches that describe bulk organic matter as the 

integral of a distribution function, 𝑔(𝑘, 𝑡) , over all possible values of 𝑘  (Aris, 1968; 

Carpenter, 1981; Bosatta and Agren, 1985; Boudreau and Ruddick, 1991). However, 

Bosatta and Agren (1995) illustrated that their model of organic matter degradation, the q-

theory, reduces to the reactive continuum model or the power model under specific 

assumptions. In addition, Tarutis (1993) showed that the reactive continuum model and the 

power model are mathematically equivalent for a simple closed-system decay (i.e. no 

bioturbation) if the reactive continuum model is based on a Gamma distribution and the 

exponent of power model equals one. However, the power and the reactive continuum 

model are conceptually very different. While the power model uses a single time-dependent 

reaction rate coefficient, the reactive continuum model explicitly integrates the effect of 

compound-specific reactivities on organic matter degradation. Isotopic evidence indicates 

that the reactive continuum model is as a more realistic conceptual basis for organic matter 

degradation rates in marine sediments (Aller and Blair, 2004). In addition, Boudreau and 

Ruddick (1991) found important similarities of apparent reaction orders for organic matter 

from different environments and of different ages. A comparison of the apparent order of 

reaction with the one determined for Cretaceous black shales could potentially provide 

further insights into the functioning of the organic carbon sink during the Cretaceous OAEs. 

Therefore, we use the reactive continuum approach to describe organic matter degradation 

over geological time scales. 
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The reactive continuum model represents the total amount of organic matter, 𝐺(𝑡), as the 

integral of the distribution function of reactive types, 𝑔(𝑘, 𝑡) , over the entire range of 

possible degradation rate constants, 𝑘. Each member is degraded according to a first order 

rate law. Following Aris (1968) and Ho and Aris (1987), Boudreau and Ruddick (1991) 

propose the Gamma distribution as an initial distribution, 𝑔(𝑘, 0): 

 𝑔(𝑘, 0) = ௚బ⋅௞ഌషభ⋅௘షೌ⋅ೖ୻(ఔ)  (11) 

The concentration of organic matter is then given by: 

 𝐺(𝑡) = ∫  ஶ଴ 𝑔(𝑘, 𝑡)𝑑𝑘 = ∫  ஶ଴ 𝑔(𝑘, 0) ⋅ 𝑒ି௞⋅௧𝑑𝑘 (12) 

where the rate constant 𝑘  is treated as a continuous variable and Γ(𝜈) is the Gamma 

function (e.g. Abramowitz and Stegun, 1972). The free parameters 𝑎  and 𝜈  completely 

determine the shape of the initial distribution of organic matter reactivities. The parameter 𝑎 

describes the average life-time of the more reactive components of the spectrum, while 𝜈 

defines the shape of the distribution near 𝑘 = 0. Therefore, 𝜈 serves as an indicator for the 

reactivity of the bulk organic matter. Low 𝜈 values reflect a predominance of unreactive 

types, while high 𝜈  values characterize a more uniform distribution of the bulk organic 

matter among the different reactive types. The rate of organic matter degradation, 𝑅ீ, is 

then given by: 

 𝑅ீ(𝑡) = − ఔ௔⋅ீ(଴)భ/ഌ ⋅ 𝐺(𝑡)ଵାଵ/ఔ = −𝜈 ⋅ (𝑎 + 𝑡)ିଵ ⋅ 𝐺(𝑡) (13) 

where 𝐺(0) is the initial content of organic matter. Small 𝜈 values thus result in apparent 

higher orders of reaction, even though each reactive-type decays linearly. Eq. (13) shows 

that, for certain assumptions, the reactive continuum model is mathematically equivalent to 

a power law with the pre-factor 𝜈 = 0.16 and an exponent of -1 (Ref. Eq. (10)). 

At Demerara Rise, organic matter is assumed to be only consumed by sulfate reduction 𝑅ீ,ௌைర and methanogenesis 𝑅ீ,஼ுర. Therefore, the total organic matter degradation rate RG is 

divided into the contributions of the two metabolic pathways, applying a pseudo-kinetic 

approach, which determines the sequence of the pathways a priori and reflects the 

decreasing standard Gibbs free energy yield of the reaction (e.g. Berner, 1980; Van 

Cappellen and Wang, 1996; Boudreau, 1997). The contribution of the degradation 

pathways is mathematically described by the sum of a limitation and inhibition term. The 

limitation of sulfate reduction by low SO4 concentrations is described by a Monodtype 

hyperbolic expression using a half-saturation constant 𝐾ௌைర. Methanogenesis is not limited 

since no external oxidant is involved. The suppression of methanogenesis by the 
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energetically more favorable sulfate reduction is formulated by an inhibition function. The 

inhibition constant equals the half-saturation constant 𝐾ௌைర, so that the 𝑅ீ  is simply given by 

the sum of the two pathways, 𝑅ீ,ௌைర and 𝑅ீ,஼ுర : 

 𝑅ீ = 𝑅ீ,ௌைర + 𝑅 ,ீ஼ுସ  (14) 

 𝑅ீ,ௌைర = 𝑅ீ ⋅ ௌைరௌைరା௄ೄೀర (15) 

 𝑅ீ,஼ுర = 𝑅ீ ⋅ ௄ೄೀర௄ೄೀరାௌைర (16) 

Other electron acceptors may also have played a role during the early stages of black shale 

deposition. The benthic foraminifera assemblage at Site 1258, for instance, reveals short-

term re-populations in the lower third of OAE 2, which may indicate short-term bottom-water 

oxygenation (Friedrich and Erbacher, 2006). Model-determined Cretaceous organic matter 

contents and fluxes therefore represent maximum estimates. 

Numerical Solution 

Transient model simulations are performed for a period of 100 Myr (Cretaceous - present 

day). Based on the operator splitting approach, transport and reaction equations are treated 

separately. The transport equation for dissolved species is numerically integrated applying 

the semi-implicit Crank-Nicholson scheme with an iteration through succesive over-

relaxation, a Chebyshev acceleration and odd-even ordering. The numerical scheme for 

solid transport must conserve the sharp concentration front that characterizes the black 

shale layer over the simulated 100 Myrs. High-resolution numerical schemes generally 

display very good results in the case of advection-dominated problems. Therefore the 

advective term is integrated using a third-order accurate total variation diminishing 

algorithm with flux limiters, ensuring monotonicity. The reaction network is integrated by a 

simple Euler-Forward method with an automatically adjusting time-step, which guarantees 

numerical accuracy and stability. The algorithm was run with a maximum time step of Δ𝑡 = 10𝑦𝑟  on an unevenly spaced grid, with a grid size increasing downcore from the 

sediment/water interface to the maximum simulated depth (z = 500 mbsf) from Δ𝑧 = 1 𝑐𝑚 to Δ𝑧 = 1 𝑚. 

External forcing and initial conditions 

Boundary conditions and forcings connect the system to its environment. They exert an 

important influence on model performance, since their temporal resolution controls the error 

associated with a potential aliasing and ultimately determines the scales on which system 

dynamics can be resolved. The presented model, which is designed to integrate 



6. OM degradation in Cretaceous black shales inferred from authigenic barite: A reaction-transport model 

166 
 

biogeochemical dynamics over geological time scales, can only provide a long-term trend of 

these dynamics. The temporal resolution of the available external forcing is coarse (>1 Myr) 

and, therefore, does not resolve short-term variations over the considered geological time 

scale. 

Sedimentation rates are constrained on the basis of an age-depth model, which was 

established for Site 1258 by combining biostratigraphic and magnetostratigraphic data 

(Erbacher et al., 2004, Table 6.2). Linear sedimentation rates have been estimated by 

dividing the resulting age-depth distribution into different linear segments for specific time 

intervals. Calculated sedimentation rates reveal five different intervals of approximately 

constant sedimentation rates separated by distinctive hiatuses (Erbacher et al., 2004). The 

coarse resolution of available biostratigraphic and magnetostratigraphic data cannot resolve 

potential orbital-scale variations. 

 

Table 6.2 Sedimentation rate used in the model. Estimates are based on an age-depth model 
established for Site 1258 (Erbacher et al., 2004). 

Epoch Time 
(Myrs BP) 

Simulation Time 
(Myrs) 

Sedimentation rate 
(m•Myrs) 

Cenomanian-Turonian 100-83 0-17 3 
Turonian-Campanian 83-79 17-28 0 
Campanian-Maastrichian 79-65.2 29-34.8 10 
Maastrichian-early Paleocene  65.2-64.5 34.8-35.5 10 
early Paleocene-late Paleocene 64.5-60.9 35.5-39.1 0 
late Paleocene-middle Eocene 60.9-45.2 39.1-54.8 15 
Neogene  45.2-0 54.8-100 0.04 

 

A Dirichelet boundary condition is applied for dissolved species at the sediment-water 

interface while an open flux boundary condition specifies the concentration 50 mbsf below 

the bottom of the black shale sequence, i.e. at the bottom of the sediment column. At the 

sediment/water interface, dissolved Ba and CH4 concentrations are assumed to be constant 

in time and chosen according to modern day seawater values (Table 6.3). However, 

oceanic SO4 concentrations varied significantly during the Phanerozoic (Horita et al., 2002; 

Lowenstein et al., 2001). The analysis of fluid inclusions in marine halites suggests that the 

seawater SO4 concentration was low during the early Palaeozoic and subsequently 

increased to its modern value (Fig. 6.3). Yet, the temporal resolution of these analysis is 

extremely coarse and, therefore, they can merely provide a very general trend. In addition, 

measurement error bars can reach as much as 79% of the estimated concentration (Horita 
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et al., 2002). Therefore, the estimated evolution of seawater sulfate concentration proposed 

by Horita et al. (2002) is used as a baseline sulfate concentration scenario (best scenario) 

(Fig. 6.3). Maximum (high scenario) and minimum (low scenario) estimates help to 

constrain the sensitivity of simulation results to different SO4 boundary concentration 

scenarios. 

 

Table 6.3 Boundary conditions used in the model. 

Symbol Description Unit Value 𝐶ௌைర SO4 concentration at the sediment/water interface µm Var. 𝐶஼ுర CH4 concentration at the sediment/water interface µm 0 𝐶஻௔ Ba concentration at the sediment/water interface µm 20 𝐹஻௔ௌைర BaSO4 flux at the sediment/water interface mmol/(m² Myr) 11.5 • 104 • (1 − ϕ) ⋅ 𝜔  
   for t = (0-17 Myrs) 
   0  
   for t > 17 Myrs 𝐹ைெ OM flux at the sediment/water interface mmol/(m² Myr) 𝐺(0) ⋅ (1 − ϕ) ⋅ 𝜔  
   for t = (0-17 Myrs) 
   0  
   for t > 17 Myrs 

 

 

 

Figure 6.3 Evolution of seawater sulfate concentration over the past 100 Myrs, as measured in 
fluid inclusions from marine halites (Horita et al., 2002). Three different sulfate boundary 
condition scenarios (solid lines) are chosen according to the best fit to the measured data (best, 
black line), to the lower limits of the error bars (low, light gray) and to the higher limits of the error 
bars (high, dark gray). 
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The black shale layer is characterized by generally high, but very variable TOC contents 

between 0.1 and 28.3 wt% (Fig. 6.2). Part of this variability is associated with the finely 

laminated alternations of dark claystones and thin calcite layers (Erbacher et al., 2004; 

Meyers et al., 2004). In addition, variable TOC contents may reflect short-term fluctuations 

in organic matter accumulation rates similar to the orbital cycles observed elsewhere (e.g. 

Wagner et al., 2004; Kolonic et al., 2005). However, the sample spacing and the rough 

estimate of sedimentation rate do not permit an unambiguous identification of such short-

term fluctuations. Therefore, we use the mean TOC content of the Cretaceous black shale 

sequence to estimate a long-term organic matter flux, which reflects the enhanced 

deposition of organic carbon during the mid-Cretaceous. The organic matter flux to the 

sediment, 𝐹ைெ  can be estimated via the initial mean TOC content 𝐺(0) , applying the 

reactive continuum model and using the mean present-day content of TOC in the black 

shales sequence (400-450 mbsf) 𝐺(10଼𝑦𝑟) = 7.8 wt%: 

 𝐺(0) = ீ(ଵ଴ఴ௬௥)ቀ ೌೌశభబఴቁഌ  (17) 

 𝐹 = 𝐺(0) ⋅ (1 − ϕ) ⋅ 𝜔 (18) 

The Cretaceous anoxic events are assumed to be the only period of organic matter 

deposition, influencing the longterm biogeochemical dynamics below the shallow 

subsurface at Demerara Rise, over the past 100 Myrs. After the Cretaceous, background 

organic matter fluxes are likely to be comparable to depositional fluxes observed in open 

ocean settings. The amount of organic matter that reached the sediments was probably 

consumed by aerobic degradation or denitrification in the shallow subsurface (<1.5 m). 

Therefore, it is realistic to assume that this organic matter had very little influence on SO4 

consumption. The simulated organic matter flux thus ceases after the deposition of the 

black shales sequence. At site 1258, dark-colored Albian clayey siltstones, with comparably 

high average TOC contents of 4.6 wt% (Fig. 6.2), indicate that a period of increased organic 

matter deposition precedes the deposition of the Cenomanian-Santonian black shales. 

However, TOC contents of age-equivalent units at the other drilling sites are significantly 

lower (0.6 wt%). These deposits are currently not believed to contain any of the known 

Albian OAE 1 events (Erbacher et al., 2004; Meyers et al., 2006). Due to its singular 

occurrence and the largely unknown character of the depositional environment, we exclude 

the underlying sediments from our analysis and only focus on the distinct Cretaceous black 

shale layer. This approach could potentially lead to a slight overprediction of estimated 

organic matter reactivities and contents. 
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The average deposition flux of biogenic barite is estimated by assuming that biogenic barite 

was only redistributed by diagenesis. The Cretaceous biogenic barite content of the black 

shale layer thus equals the present, depth-integrated (0-484 mbsf) barite content of 

sediments at Site 1258. 

The choice of initial conditions for dissolved species is not straightforward. The RTM cannot 

account for shortterm dynamics (<1 Myr), which may exert an important influence on the 

balance between the biogeochemical consumption/production and transport processes 

during the initial stage of the black shale deposition event. Therefore, only TOC dynamics 

are explicitly simulated for the black shale deposition period (0-17 Myrs simulation time). 

Observation results show that the burial of organic matter in the black shale sequence is 

associated with an enrichment of all analyzed sulfur fractions: total, pyrite, and 

organicbound sulfur (Böttcher et al., 2006; Hetzel et al., 2009). These findings indicate a 

dominance of microbial sulfate reduction and the associated formation of sedimentary sulfur 

compounds. Therefore, biogenic barite is assumed to be conserved in the black shale 

sequence for the initial 17 Myrs. The resulting TOC and BaSO4 profiles at t = 17 Myrs are 

used to calculate steady-state profiles for dissolved species. These steady-state profiles are 

applied as initial conditions for the numerical integration of the full RTM, which starts at the 

beginning of the hiatus following the black shale deposition period at Demerara Rise (17 

Myrs). 

Inverse modeling 

The parameters, 𝑎 and 𝜈, are free parameters, which require calibration. They are extracted 

from the observed, present-day depth-profiles of SO4, CH4, Ba and the information 

recorded in the BaSO4 distribution. The transient RTM is run forward over a period of 100 

Myrs with randomly chosen parameter couples (𝑎, 𝜈) and the resulting simulated, present-

day depth profiles are compared with the observations. Assuming that the rank of the 

optimal parameter combination depends on the similarity between simulated and measured 

depth profiles, 𝑎  and 𝜈  are determined by minimizing a cost function 𝑀(𝑎, 𝜈) , which 

represents the measure of the misfit between simulation results and observations: 

  𝑀(𝑎, 𝜈) = ଵ௜ ∑  ௜ 𝑀௜(𝑎, 𝜈)        (19) 

  𝑀௜(𝑎, 𝜈) = ଵ௡೥ ∑  ௡೥ ൬஼೔೚್ೞ(୼௭)ି஼೔ೞ೔೘(୼௭,௔,ఔ)ఙ೔ ൰ଶ
      (20) 

The total cost function, 𝑀(𝑎, 𝜈), to be minimized is the sum of the species-specific cost 

functions, 𝑀௜(𝑎, 𝜈) . 𝑀௜(𝑎, 𝜈)  is given by the sum of least-square differences between 

simulated average concentration/content 𝐶௜௦௜௠  and measured average 
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concentration/content 𝐶௜௢௕௦  for each depth interval Δ𝑧 , weighted by the factor 𝜎௜ଶ  and 

normalized by the number of depth intervals 𝑛௭. The weighting factors are defined as the 

sum of the respective measurement errors and a factor, 𝑓 which reflects the importance 

given to the minimization of the respective misfit. Barite measurements are available with a 

high spatial resolution and sulfate depth-profiles are a sensitive indicator of the present-day 

location of the SMTZ. Therefore, their species-specific cost function is additionally weighted 

by a factor, 𝑓 = 1/2. The sampling of the two-dimensional parameter space is realized in 

two steps. First, an extended parameter space (𝑎 ε [101-106], 𝜈 ε [10-3-5•10-1]) was sampled 

systematically with a coarse step size (log Δ𝑎 = 1, log 𝜈 = 0.5). Hereafter, sampling was 

concentrated around the global minimum. The inverse modeling approach thus tests the 

feasibility of a large number of different reactivity scenarios. In addition, the procedure was 

repeated for each of the three estimated (1-low, 2-best, 3-high) sulfate scenarios to quantify 

the uncertainty associated with the weakly constrained boundary condition. 

Results and Discussion 

Distribution of barite 

Figure.6.4 illustrates the highly resolved barite depth profile, which is observed in sediments 

from Site 1258. BaSO4 contents are highest at sediment depths between 300 and 400 

mbsf, while the Cretaceous black shale layer is characterized by comparably low contents. 

These findings are in agreement with previous observation and model results, which 

indicate that biogenic BaSO4 is mobilized in the black shales and reprecipitates as 

authigenic BaSO4 in the vicinity of the SMTZ (Arndt et al., 2006). In addition, the highly 

resolved sampling within the 300 to 400 mbsf depth range provides new insights into the 

detailed depth-distribution of authigenic BaSO4 above the black shales. Two distinct peaks 

can be identified at approximately 320 and 375 mbsf. These distinct peaks suggest that the 

temporal dynamics of organic matter degradation caused various shifts in the BaSO4 

precipitation zone, followed by longer periods of quasi steady-state conditions, during which 

prominent accumulations of authigenic BaSO4 formed. A direct interpretation of the record 

is however complicated by the strong diagenetic overprint and the potential superposition of 

various signals. Earlier formed authigenic fronts, for instance, may redissolve at later stages 

or may be superimposed by more recent accumulations. Transient RTM simulations will 

help to resolve the temporal evolution recorded in the BaSO4 profile. 
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Figure 6.4 High-resolution BaSO4 depth-profile in sediments drilled at Site 1258 (ODP Leg 207, 
Demerara Rise). The location of the Cretaceous black shale sequence is indicated by a gray box. 

 

Inverse modeling 

The parameters of the reactive continuum model can be extracted from the newly obtained, 

highly resolved distribution of BaSO4 and the interstitial water depth-profiles. Figure 6.5 

illustrates the distributions of the cost function 𝑀(𝑎, 𝜈) over the two-dimensional parameter 

space in the vicinity of the respective global minimum for each of the three sulfate 

scenarios. The cost function reveals little variability along the 𝑎-axis, since the evolution of 𝑘  is mainly determined by the term 𝜈/𝑡 , beyond a transient time 𝑎 (Eq. (13)). Realistic 

values for 𝑎 (101-104 yr, (Boudreau and Ruddick, 1991)) are orders of magnitude lower than 

the simulated period (108 years) and 𝑎 thus exerts a very limited influence on the long-term 

dynamics. In addition, the observed BaSO4 depth profile represents a record of the long-

term (>1 Myr) biogeochemical dynamics and, does not allow 𝑎 to be determined by inverse 

modelling. Therefore, the exponential relationship between the average life-span 𝑎 (yr) and 

the sedimentation rate 𝜔 (cm kyr-1) proposed by Boudreau and Ruddick (1991) is used as a 

rationale to constrain 𝑎. Boudreau and Ruddick (1991) argued that the average life-span of 

the fast decaying types should increase with decreasing sedimentation rate due to its rapid 

removal in the upper sediment column: 

 𝑎 = 4970 ⋅ 𝑒ି଴.଴ଶଽ଺⋅ఠ (21) 
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Organic matter in black shales deposited at Demerara Rise would thus be characterized by 

an average life-span 𝑎  of 4926 years. However, the extrapolation to low sedimentation 

rates in the original fit of this equation is uncertain and, therefore, 𝑎 is not well constrained. 

Nevertheless, the exact choice of 𝑎 within the realistic range has little influence on the 

simulated long-term biogeochemical dynamics. This estimate is thus used in the presented 

simulations of long-term biogeochemical dynamics (see Section Evolution of 

Biogeochemical Dynamics at Demerara Rise). Yet, the estimates of initial TOC content, 𝐺(0), and reactivity, 𝑘(0), are always calculated for a realistic range of average life spans 

(𝑎 = 101-106 yr), since these estimates are sensitive to the choice of 𝑎. 

 

 

Figure 6.5 Distribution of the cost function 𝑀(𝜈, 𝑎) over the two-dimensional parameter space for 
the a-low, b-best and c-high sulfate boundary concentration scenario. White dots correspond to 
the chosen parameter combination. 

 

In contrast to the 𝑎 -axis, the cost function reveals a pronounced variability along the 𝜈 -axis 

(Fig. 6.5). This parameter serves as an indicator for the reactivity of the bulk organic matter 

since it controls the shape of the gamma function near 𝑘  = 0. Low 𝜈  values reflect a 

predominance of unreactive types, while high 𝜈  values characterize a more uniform 

distribution of the bulk organic matter among the different reactive types. Therefore, high 𝜈 

values results in higher CH4 fluxes out of the black shales, a shallower sulfate zone, the 

formation of BaSO4 accumulations at shallower sediment depth and thus an increased 

misfit to observations. Low 𝜈 values have the opposite effect and lead to a downcore shift of 

the SMTZ. Therefore, the cost function first decreases with a decrease in 𝜈. It reaches a 

minimum before it increases again in the region of very low 𝜈 values. Here, the low organic 

matter reactivity results in low degradation rates and an enhanced availability of SO4 that 

inhibits the dissolution of biogenic BaSO4 in the black shales. The best estimate for 𝜈 

increases with an increasing SO4 availability and global minima for the low, best and high 
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sulfate scenarios are therefore reached for 𝜈  = 0.009, 𝜈  = 0.0123 and 𝜈  = 0.014, 

respectively (Fig.6.5a-c). The cost function reveals a sharp minimum, indicating that neither 

high-reactivity nor very low-reactivity scenarios provide a satisfactory fit to the observed 

profiles. Because the slope of the cost function reflects the sensitivity of the simulated 

profiles to changes in m, such a pronounced minimum also indicates that the shape of the 

simulated present-day depth-profiles strongly depends on the long-term evolution of organic 

matter degradation determined by 𝜈/𝑡. 

Evolution of biogeochemical dynamics at Demerara Rise 

Transient model simulations are performed over a period of 100 Myrs for each of the three 

SO4 scenarios (low, best and high), the 𝜈 values determined by inverse modeling and the 

average life-span, 𝑎 , of 4926 years. Transient simulation results reveal that long-term 

fluctuations in sedimentation rate trigger prominent shifts in the redox-zonation of the 

sediment and control the long-term evolution of biogeochemical dynamics. Based on these 

long-term trends in sedimentation rate, the diagenetic history can be divided in five different 

periods (see subsections). Figure 6.6 shows selected snapshots of simulated TOC, SO4, 

CH4, Ba and BaSO4 depth-profiles that are representative for the main stages of the 

diagenetic evolution. The corresponding evolution of depth-integrated biogeochemical 

reaction rates is illustrated in Figure 6.7. 

Cenomanian-Campanian (0-21 Myr) 

At Site 1258, the deposition of expanded late Cretaceous black shale sequences begins in 

the Cenomanian (0 Myr) and lasts until the Campanian (17 Myr), followed by a four million 

year hiatus (17-21 Myr). A ca. 50-m-thick black shale layer, the local representation of 

widespread organic-rich sedimentation in the southern part of the mid-Cretaceous North 

Atlantic, accumulates during this period (Fig. 6.6a). The enhanced availability of organic 

matter in the sediment leads to an increase in the depth-integrated organic matter 

degradation rate over the time of black shale deposition (Fig. 6.7a). The exceptionally low 

reactivity of the organic matter within the black shale sequence (apparent 𝑘(0-51 m) = 10-6-

10-8 yr-1) results in comparably low degradation rates that do not completely consume the 

diffusive SO4 flux. Organoclastic sulfate reduction outcompetes methanogenesis (Fig. 6.7) 

and is the only SO4 consumption process. Therefore, SO4 is not rapidly consumed in the 

upper sediment, a phenomena which is often observed in subsurface, organic matter-rich 

sediments, where the high organic matter degradation and AOM generally results in a 

shallow SMTZ. The availability of SO4 at depth maintains the oversaturation of interstitial 



6. OM degradation in Cretaceous black shales inferred from authigenic barite: A reaction-transport model 

174 
 

waters with respect to BaSO4 and biogenic BaSO4 is therefore preserved in the black shale 

layer (Fig. 6.6a). 

Campanian-early Paleocene (21-35.5 Myr) 

In the late Cretaceous and early Paleocene, organic matter degradation rates decrease due 

to the decrease in organic matter reactivity during burial (Fig. 6.7a-c). The elevated 

sedimentation rates lead to a progressive burial of the Cretaceous black shales and 145 m 

of sediment accumulate on top of the black shale layer during this period (Fig. 6.6b). The 

burial of the black shales to increasing sediment depths has important consequences for 

the biogeochemical dynamics. It leads to a progressive increase in diffusion length and, 

therefore, reduces the SO4 flux at depth. The reduced diffusive SO4 flux cannot supply 

sufficient SO4 to satisfy the metabolic needs in the black shale layer. SO4 becomes 

depleted in the deepest part of the black shale sequence (Fig. 6.6b) and promotes the 

onset of methanogenesis (Fig. 6.7c). The associated production of biogenic methane leads 

to an upcore shift of the SMTZ and, therefore, triggers a fast switch in the dominant 

degradation pathway. Biogenic CH4, which is produced at the bottom of the black shale 

sequences drives an additional consumption of SO4 by AOM (Fig. 6.7d). The reduced 

availability of SO4 at depth further increases the importance of methanogenesis in the black 

shales and enhances the CH4 flux, which in turn drives higher AOM rates (Fig. 6.7c and d). 

The increased SO4 consumption ultimately pushes the SO4 penetration depth out of the 

black shales (Fig. 6.6b). This upcore movement of the SMTZ and the associated switch to 

methanogenesis occurs earlier for the low and the best sulfate scenario, while a higher SO4 

flux can maintain the dominance of sulfate reduction for a longer time (Fig. 6.7b). 

Authigenic BaSO4 bear the testimony of this biogeochemical evolution in the late 

Cretaceous. The progressive depletion of interstitial SO4 promotes the remobilization of 

biogenic BaSO4 in the black shale sequence (Figs. 6.6b and 6.7e). Ba diffuses out of the 

black shales and reprecipitates as authigenic BaSO4 in the SMTZ (Figs. 6.6b and 6.7f). 

 

Figure 6.6 (next page) Snapshots of simulated depth-profiles for the different sulfate scenario 
(best = black, high = dark gray and low = light gray). The six snapshots correspond the five 
distinct stages of the diagenetic history and the present-day situation (see respective subsections 
of Section Evolution of biogeochemical dynamics at Demerara Rise). The duration of the distinct 
stages (1-5), as well as the corresponding sedimentation rates are illustrated in the time bar on 
the top of the figure. The simulated time is indicated in the time bar above each group of depth-
profiles (a-f). Simulated present-day profiles (f) are compared to measured depth-profiles. 
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Figure 6.6 
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Early Paleocene-late Paleocene (35.5-39.1 Myr) 

In the early Paleocene, a hiatus in sedimentation rate creates a short period of quasi-

steady-state conditions. Authigenic BaSO4 therefore accumulates in the SMTZ just above 

the top of the black shale sequence (Fig. 6.6c). Yet, higher SO4 boundary concentrations 

support an increased SO4 availability in the high SO4 scenario. The switch from sulfate 

reduction to methanogenesis therefore occurs later and BaSO4 dissolution is inhibited (Fig. 

6.7e). 

 

 
 

Figure 6.7 Simulated evolution of the depth-integrated (a) total organic matter degradation rate, 
(b) sulfate reduction rate, (c) methanogenesis rate, (d) AOM rate, (e) barite dissolution rate and 
(f) barite precipitation rate for the low (light gray), best (black) and high (dark gray) sulfate 
scenario. Only organic matter degradation is explicitly simulated for the first 17 Myrs of 
simulation. See Section External forcing and initial conditions for further explanation. 
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Late Paleocene-middle Eocene (39.1-54.8 Myr) 

The subsequent increase in sedimentation rate during the late Paleocene/Eocene interval 

leads to a rapid burial of the black shale layer. Increasing diffusion lengths and ongoing 

SO4 consumption at depth (Fig. 6.7) drive an upcore shift of the SMTZ (Fig. 6.6d). This 

transient behavior, imposed by the increase in sedimentation rates, cannot be 

compensated by the increase in bottom water SO4 concentration (Fig. 6.3). Biogenic, as 

well as earlier formed authigenic BaSO4 dissolve below the SMTZ, while authigenic BaSO4 

reprecipitates along the migration path of the SMTZ (Fig. 6.6d). At the end of the late 

Paleocene/Eocene sedimentation period, the SMTZ is situated 100-150 m above the top of 

the black shale sequence. 

Middle Eocene-Quaternary (54.8-100 Myr) 

During the late Paleogene, a strong reduction in sedimentation rate results in a second 

period of quasi-steadystate conditions. Authigenic BaSO4 accumulate in the SMTZ and 

form a second peak in the BaSO4 depth-profile (Fig. 6.6e). However, a rapid increase in 

bottom water SO4 concentrations leads to a downcore shift of the SMTZ. This downcore 

shift is further promoted by the decrease in organic matter degradation rate and thus AOM 

(Fig. 6.7a and d). The transient behavior, which is induced by these processes, proceeds 

relatively slowly and authigenic BaSO4 accumulate over an extended depth section (Fig. 

6.6e). 

At present day, the SMTZ is again located close to the top of the black shale layer in the 

vicinity of the early Palaeocene BaSO4 accumulation (Fig. 6.6f). Organic matter degradation 

proceeds at very slow rates, which are characteristic for the deep biosphere (𝑅ீ = 10-1-10-2 

mmol yr-1, Fig. 6.7). However, the long diffusion length of almost 400 m and the ongoing 

SO4 consumption by AOM, and to a lesser extent by BaSO4 precipitation, maintain the 

dominance of methanogenesis (Fig. 6.7). The main trends in the observed depth-profiles 

are well captured by the simulated profiles. However, the model underestimates observed 

CH4 concentrations in the black shale layer. This deviation arises due to the uncertainties in 

paleo-boundary conditions and the inverse modeling strategy. Transient simulation results 

reveal that the dynamics of the SMTZ is essentially determined by the long-term trends in 

sedimentation rate. The rapid burial during the late Paleocene-middle Eocene period, for 

instance, induced a prominent upcore shift of the SMTZ. The pace of the subsequent 

downcore movement is mainly controlled by the increase in bottom water SO4 

concentrations and the magnitude of the CH4 flux from the black shales. Arndt et al. (2006) 

showed that the location of the SMTZ in the present-day deep biosphere setting is 
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extremely sensitive to the production of biogenic CH4 in the black shale layer. A simple 

doubling of the degradation rate constant results in significantly higher CH4 concentrations 

and an upward shift of the SMTZ by ca. 100 m. Hence, a less pronounced upcore 

movement of the SMTZ, resulting from lower Paleocene/Eocene sedimentation rates or 

higher bottom water SO4 concentrations, would allow for higher biogenic CH4 production in 

the Quarternary and a better fit to the observed CH4 profile. A similar effect can be 

observed for the BaSO4 depth profile. BaSO4 depth-profiles simulated by applying the three 

sulfate concentration scenarios, display differences in the height, width and exact location 

of the two authigenic barite peaks. The deviations between the simulation results obtained 

with the three different SO4 scenarios thus illustrate the uncertainty induced by the paleo-

boundary concentrations. 

Reactivity and preservation of black shale organic matter at Demerara Rise 

The inversely determined parameter 𝜈 provides important insights into the nature of the 

black shale organic matter and the long-term evolution of its reactivity over the past 100 

Myrs. Boudreau and Ruddick (1991) determined 𝜈  values between 0.1 and 0.2 for five 

organic matter profiles from various shallow and deep-water sediments. The inversely 

determined 𝜈 values (0.009-0.014) for the black shale organic matter are thus one order of 

magnitude lower than those determined for a wide range of modern sedimentary 

environments. These results indicate that the organic matter in the Cretaceous black shales 

is dominated by relatively unreactive components. Its microbial decomposition has thus 

proceeded with continuously low rates since the Cretaceous. 

Figure 6.8a and b compare the Cretaceous, apparent first-order rate constants (𝑘(0) = 𝜈/𝑎) 

determined for the three different SO4 scenarios and the average life-span, 𝑎, of 4926 yr, 

with those predicted by empirical relationships proposed in the literature. Error bars indicate 

the range of rate constants calculated for different 𝑎 values (𝑎 = 10-1-10-6 yr). Estimates 

thus reflect the range of uncertainty associated with both the weakly constrained 𝑎 value 

and SO4 concentration at the sediment/water interface. Initial apparent first-order rate 

constants at Demerara Rise are orders of magnitude lower than oxic decay constants 

estimated by using the Cretaceous sedimentation rate. However, the relationships between 

compacted burial velocities and anoxic decay constants proposed by Tromp et al. (1995), 

Toth and Lerman (1977) and Berner (1978) yield lower rate constants. Yet, these estimates 

are based on rates measured in the anoxic part of the sediment and are thus characteristic 

for the residual organic matter pool, which is buried below the oxic zone. In addition, 

Cretaceous black shales are generally characterized by relatively low sedimentation rates 
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but very high organic matter contents (e.g. Stein et al., 1986) and empirically-found 𝑘 − 𝜔 

relationships may not be applicable to such untypical situation. Emerson (1985) and Murray 

and Kuivilla (1990) argued that first-order rate constants correlate much better with organic 

matter rain rate. The comparison between model determined 𝑘(0), observations and a 

power law correlation fitted to the observations (Boudreau, 1997) reveals that degradation 

rate constants at Demerara Rise fall well below these estimates. 

 

 

Figure 6.8 Estimated initial reactivity of black shale organic matter compared to reactivity 
estimates based on empirical (a) 𝑘 − 𝜔 and (b) 𝑘 − 𝐹௢௥௚ relationships. The squares represent the 
estimates calculated with a value of 𝑎  = 4926 yr, while error bars reflect the range of rate 
constants calculated with different 𝑎 values (𝑎 = 10-1-10-6 yr). The estimated evolution of organic 
matter reactivity at Demerara Rise (c) is compared to the power-model and observations 
compiled by Middelburg (1989), as well as steady-state estimates for the present day Arndt et al. 
(2006). The uncertainty in 𝑘(t), which is associated with the SO4 boundary scenario and the 
exact value of 𝑎 is shown in (d). 
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In contrast, 𝑘(0) agrees well with the earlier, speculative estimates, which were calculated 

based on Middelburg’s power model, model-determined, present-day degradation rate 

constants, and a reasonable range of initial organic matter contents (Arndt et al., 2006). 

These calculations revealed that a very low apparent initial age is required to calculate 

realistic initial organic carbon contents (<50 wt%). The determined apparent initial age 

results in a rate constant of organic matter degradation (𝑘(0) < 10-4 yr-1)  that is orders of 

magnitude lower than the rate constants provided by the original fit of the power model to 

field and laboratory data (i.e. 𝑘(0) = 0.16, Fig. 6.8c). Although the reactive continuum model 

(this study) and the power model (Arndt et al., 2006) result in similar initial rate constants, 

the reactive continuum model predicts a faster decrease of 𝑘 with time (Fig. 6.8c) due to the 

difference between the pre-factor of the power model (0.16) and the 𝜈 value of the reactive 

continuum model (𝜈 = 0.009-0.014). The constant pre-factor of the power model implies 

that organic matter degradation follows the same reactivity decrease with time, independent 

of the composition of the organic matter or the depositional environment. While this 

assumption is, to a certain extent, supported by the similarity of 𝜈 values determined for 

different environments (Boudreau and Ruddick, 1991), it seems not to be applicable to the 

long-term evolution of organic matter degradation in the Cretaceous black shales. Inverse 

model results suggest that the Cretaceous black shales at Demerara Rise are controlled by 

comparably low, long-term degradation rates, which cannot be represented with the original 

form of the power model, i.e. a pre-factor of 0.16. Furthermore, the present-day rate 

constant, 𝑘 (108yr) is almost one order of magnitude lower than the methanogenic 

degradation rate constants determined by steady-state modeling (Arndt et al., 2006). This 

difference indicates that the system is not at steady state and that the past evolution of 

biogeochemical transformations and fluxes has important implications for the present 

location of the SMTZ. The comparably large depth scale and the low pace of 

biogeochemical reactions in the deep biosphere result in a slow response of redox-fronts to 

changing conditions. Therefore, the significant upcore movement of the SMTZ during the 

late Palaeocene/Eocene sedimentation period, requires lower simulated CH4 fluxes and 

thus lower methanogenic rate constants to allow for the subsequent downcore movement of 

the SMTZ. Figure 6.8d illustrates the uncertainty in 𝑘(t), which is associated with the exact 

choice of a and the SO4 boundary condition. In general, the temporal evolution of 𝑘 reveals 

little variability for the different SO4 boundary scenarios (black band, Fig. 6.8d), but strongly 

depends on the choice of a (gray band, Fig. 6.8d). On short time scales (<1 Myr), the 

weakly constrained parameter 𝑎 induces large uncertainties in 𝑘. However, the uncertainty 
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rapidly decreases for longer timescales (> 1 Myr), where the evolution of 𝑘  is mainly 

determined by the comparably well constrained value of 𝜈. Despite these uncertainties, 

Figure 6.8d shows that, even within the range of uncertainty, 𝑘(𝑡) is on all timescales lower 

than the observed organic matter reactivities. 

The identification of the mechanisms that caused the apparent, refractory character of the 

black shale organic matter at Demerara Rise could potentially shed new light on the 

functioning of the sedimentary carbon sink during the mid-Cretaceous OAEs. In general, 

the apparent reactivity of bulk organic carbon is the result of a large number of interacting 

factors, such as organic carbon sources, physical protection, geopolymerization, metabolite 

inhibition or the redox zonation of the depositional environment (e.g. Canfield, 1994; 

Burdige, 2007). Especially the euxinic nature of the Cretaceous, southern North Atlantic, as 

indicated by the presence of isorenieratene derivates in black shales (Sinninghe Damsté et 

al., 1998), may have played an important role for the enhanced sequestration of organic 

carbon in this region. At Demerara Rise, the presence of certain biomarkers, as well as the 

geochemical characteristics of the drilled sediments also provide strong evidence for an 

euxinic paleo-environment. Isorenieratane derivates are found in sediments drilled at 

Demerara Rise (Kuypers et al., 2002). In addition, high lycopane concentrations, a labile 

compound that is unable to survive prolonged exposure to oxygen, imply stable water 

column anoxia during deposition (Forster et al., 2004). High ratios of reactive to total iron (> 

0.38), a high degree of pyritization (DOP = 0.5-0.8), large pyrite contents (0.5-3 wt%) and 

the presence of framboidal pyrite indicate euxinic depositional conditions (Böttcher et al., 

2006; Hetzel et al., 2009). Furthermore, a decline in seawater derived trace metal 

enrichment indicates an expansion of euxinic conditions at the global onset of black shale 

deposition during OAE 2 (Hetzel et al., 2009). The enhanced preservation of organic matter 

is often related to such an anoxic or euxinic depositional environment (e.g. Toth and 

Lerman, 1977; Demaison and Moore, 1980; Reimers and Suess, 1983; Emerson, 1985; 

Moodley et al., 2005; Burdige, 2007). However, a number of studies showed that a direct 

relationship between water column anoxia and enhanced organic matter preservation only 

holds below a threshold sedimentation rate (Stein et al., 1986; Tyson, 2001). Black shales 

are generally characterized by relatively low sedimentation rates (<5 cm/kyr, e.g. Stein et 

al., 1986) and, therefore, anoxic or euxinic conditions may play a key role for enhanced 

organic matter preservation in these sediments. 

The reasons given to explain the relationship between organic matter preservation and 

anoxic/euxinic conditions include lower free energy from suboxic respiration, the need for 
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complex microbial consortia, reduced bioturbation and grazing, microbial inhibition by the 

accumulation of metabolites and the presence of non-hydrolyzable substrates which resist 

fermentative breakdown (e.g. Canfield, 1994; Hedges and Keil, 1995). In addition, water 

column suboxia generally promote preferential degradation of labile, N-rich compounds 

during sinking. The remaining non-amino acid fraction of the bulk organic matter is largely 

resistant to degradation under suboxic conditions (Van Mooy et al., 2002). Dauwe et al. 

(1999) also found a correlation between an amino-acid based degradation index and the 

first-order degradation rate constant. At Demerara Rise, high average C/N ratios of 31.2 

may reflect a suppressed organic matter degradation associated with low-oxygen 

conditions in the water column that favored preservation of nitrogen-poor over nitrogen-rich 

components (Meyers et al., 2006; Junium and Arthur, 2007). In addition, euxinic conditions 

promote an intense sulfurization of the deposited organic matter. This natural vulcanization 

significantly increases the bioresistance of organic matter (Sinninghe Damsté et al., 1990; 

Aizenshtat et al., 1995; Sinninghe Damsté et al., 1998; Burdige, 2007) and is known to play 

a key role in the formation of ancient, organic matter-rich, marine sediments (Sinninghe 

Damsté et al., 1998; Kolonic et al., 2002; Moodley et al., 2005). At Demerara Rise, a 

significant enrichment of organic sulfur (S/C = 0.04-0.06) in the black shale sequences, as 

well as the presence of hopanoid thiophenes (Forster et al., 2004; Böttcher et al., 2006; 

Hetzel et al., 2009) indicate an intense sulfurization of organic matter. The distribution of 

pyrite sulfur over TOC contents reveals a relative excess of organic carbon at high TOC 

values, indicating a certain degree of iron limitation during black shale deposition (Böttcher 

et al., 2006). The limitation of reactive iron probably promoted the incorporation of 

diagenetically formed sulfides into the black shale organic matter, especially during the 

early, sulfate-dominated stages. 

Implications for black shale deposition at Demerara Rise 

Little is known about the quantitative significance of microbial degradation in marine 

sediments for the preservation and burial of black shale organic carbon. Generally, it is 

assumed that only a small fraction (approximately 10%) of the depositing organic matter 

escapes degradation in the sediment (e.g. Emerson and Hedges, 1988). However, the 

model-determined, low organic matter reactivity suggests an enhanced preservation of 

black shale organic matter at Demerara Rise. Figure 6.9 compares model-determined 

preservation efficiencies with observed preservation efficiencies from different non-deltaic 

depositional environments (Canfield, 1994). The preservation efficiency of black shale 

organic carbon is calculated as the percentage of the average initial organic carbon 
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content, which is still preserved in the sediments, 𝐺(108 yr). The average initial organic 

carbon content of the black shale layer, 𝐺(0), is simply given by the integrated organic 

carbon oxidation rate. This approach is similar to the approach adopted by Canfield (1994), 

who defines the depositional flux as the sum of the organic carbon burial flux and the 

integrated organic carbon oxidation rate. In addition, preservation efficiencies are calculated 

for the three SO4 concentration scenarios and the whole range of realistic 𝑎 values. The 

resulting range of preservation efficiencies thus accounts for the uncertainty associated with 

SO4 boundary condition and the choice of the parameter 𝑎. 

 

 

Figure 6.9 Preservation efficiency of organic matter in oxic, suboxic and anoxic depositional 
environments as a function of the burial rate (Canfield, 1994), compared to the range of 
preservation efficiencies determined for the black shale sequences drilled at Demerara Rise for a 
realistic range of 𝑎 values (𝑎 = 101-106 yr) and the three SO4 boundary scenarios. 

 

Observed preservation efficiencies range from an almost complete organic matter 

preservation to an almost complete consumption (e.g. Arthur and Sageman, 1994; Canfield, 

1994; Burdige, 2007). This variability is often related to sedimentation rates and water 

column oxygenation (e.g. Stein et al., 1986; Henrichs and Reeburgh, 1987; Betts and 

Holland, 1991; Canfield, 1994). In general, enhanced preservation efficiencies are favored 

by high sedimentation rates and low-oxygen or euxinic water column conditions (Canfield, 

1994; Moodley et al., 2005). Yet, sediments underlying an anoxic water column do not 

show uniformly enhanced preservation efficiencies. Calculated preservation efficiencies for 

Cretaceous black shale organic matter drilled at Demerara Rise range from 79% to 89% 

and, therefore, plot well above observations from other euxinic environments (Fig. 6.9). 

Nonetheless, it should be noted that these estimates represent an average preservation 
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efficiency for the bulk organic matter in the black shale layer. They do not reflect short-term 

variations and preservation efficiencies are likely to be variable across the black shale 

layer. In addition, these estimates are associated with a certain degree of uncertainty. The 

rough estimation of sedimentation rates affects the calculation of sediment burial rates. 

Furthermore, potential, short-term bottom water oxygenation events may have resulted in 

enhanced organic matter degradation rates and model-determined preservation efficiencies 

may thus be slightly overestimated. Despite these uncertainties, the model-determined bulk 

preservation efficiency is significantly higher than preservation efficiencies expected for 

such a low burial rate (Fig. 6.9). 

The high degree of organic matter preservation in the Cretaceous black shales implies that 

their initial organic carbon content was comparable to the observed presentday content. 

Based on general assumptions and simulated initial carbon contents, rough estimates of 

Cretaceous bulk organic carbon mass accumulation and primary production rates can be 

calculated and compared with previous estimates. Average organic carbon contents 

between 8.1 and 9.5 wt% predict organic carbon mass accumulation rates between 0.43 

and 0.5 g C m2 yr-1 at the Cretaceous Demerara Rise. These values agree well with organic 

matter contents and organic carbon accumulation rates estimated for other North Atlantic 

sites. Stein et al. (1986) report accumulation rates between 0.2 and 0.5 g C m2 yr-1 for black 

shales drilled in the eastern North Atlantic, while accumulation rates range generally 

between 0.2 and 1 g C m2 yr-1 in the western North Atlantic. Assuming that 1-4% (Suess, 

1980; Arthur and Sageman, 1994; Sinninghe Damsté et al., 1998) of the oceanic primary 

production is preserved in an euxinic water column, estimated primary production rates 

would reach average values between 11 and 50 g C m2 yr-1. The estimated values are 

orders of magnitude lower than primary production rates reported for present-day upwelling 

areas (200-3600 g C m2 yr-1). Therefore, the enhanced preservation of organic matter in the 

sediment may explain the comparably high organic matter contents of black shales drilled in 

the southern North Atlantic, without having to assume exceptionally high primary production 

rates. 

Model results, observations from Demerara Rise, as well as previous studies thus indicate 

that the enhanced preservation of organic carbon in marine sediments may have operated 

as an important control for organic carbon burial in ancient black shales. Environmental 

factors associated with euxinic conditions in the sediment and the water column apparently 

reduced the susceptibility of the black shale organic matter to degradation and significantly 

increased the efficiency of the sedimentary carbon sink. This notion is supported by other 
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modeling studies and observations from similar sites. Sinninghe Damsté et al. (1998), for 

instance, argued that the enhanced preservation of organic matter under euxinic conditions 

may have been the main driver for black shale formation around the C/T boundary in the 

southern North Atlantic. In addition, Kolonic et al. (2005) conclude that preservation of 

organic carbon was considerably enhanced during Cretaceous black shale deposition in the 

euxinic paleo-environment at the Tarfaya shelf. Recently, Meyers et al. (2005) and Meyers 

(2007) showed that a reduced supply of reactive iron to the sediment results in high 

porewater sulfide concentrations and a shoaling of the sulfate reduction zone, which leads 

to an enhanced preservation of organic matter in these sediments. They demonstrated that 

this biogeochemical mechanism was particularly important for the formation of black shales. 

Uncertainties and Model Limitations 

The complexity of the Earth system, as well as the inability of observations to fully resolve 

all of the characteristic spatial and temporal scales of change challenge simple, 

straightforward answers. In this respect, RTM studies represent an important tool in the 

study of the paleo-environments as they offer a means to bridge spatial and temporal 

scales. They are therefore fully complementary to experimental observations, which provide 

snapshots of instantaneous dynamics, within the context of the system that evolved over 

millions of years. Nevertheless, the explanatory power of paleo-modeling studies is limited 

by the scarcity of data and the knowledge of the paleo boundary conditions required to run 

the model. 

In this study, the rough estimates of sedimentation rates merely capture the long-term 

evolution of sediment deposition at Demerara Rise. Furthermore, the evolution of oceanic 

SO4 concentration over the last 100 Myrs is not well constrained. The available data from 

fluid inclusions in marine halites only provide a general trend of increasing oceanic SO4 

concentration. Constant TOC and biogenic BaSO4 depositional fluxes are applied 

throughout the period of black shale deposition to match the temporal scale of change that 

can be resolved by the available boundary conditions and forcings. Therefore, simulation 

results capture the long-term evolution of biogeochemical dynamics at Demerara Rise. 

They provide insights into the general nature of bulk black shale formation, but do not 

resolve the observed heterogeneity within the black shale layer, associated with short-term 

fluctuations at the sediment-water interface. Apart from their temporal resolution, 

uncertainties in boundary conditions also affect the model performance. The accuracy of 

estimated sedimentation rates is compromised by the combination of hiatuses, limited 
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biostratigraphic zonal markers, and the absence of magnetic reversals. This uncertainty 

influences the estimation of accumulation rates. In addition, measurements of SO4 

concentrations in fluid inclusions are associated with large uncertainties. Yet, simulation 

results display a large sensitivity to bottom water SO4 concentrations, since they control the 

magnitude of the simulated degradation rates and thus the estimated organic matter 

content. Therefore, three different boundary concentration scenarios, which span the range 

of observed variability help quantifying the influence of these uncertainties on simulation 

results. Furthermore, we assume that organic matter degradation within the black shale 

sequence is completely dominated by sulfate reduction and methanogenesis. However, the 

benthic foraminifera assemblage at Site 1258 reveals short-term repopulations in the lower 

third of OAE 2, which may indicate short-term bottom-water oxygenation. A temporary 

oxygenation of bottom waters could have enhanced organic matter degradation and, 

therefore, estimated Cretaceous organic matter contents and depositional fluxes might be 

underestimated. In addition, the depth-integrated BaSO4 contents may not be completely 

representative for the initial biogenic BaSO4 content in the Cretaceous black shales and, 

therefore induce uncertainties in model estimates. 

Potential uncertainties also stem from the open flux conditions which is applied at the lower 

boundary. This treatment assumes that the influence of underlying sediments on the 

simulated biogeochemical dynamics is negligible. Nevertheless, a diffusion of CH4 from 

lower sources, e.g. underlying Albian sediments, cannot be completely ruled out. In this 

case, the choice of an open flux boundary condition for CH4 could result in an 

overestimation of the calculated organic matter reactivity, since the simulated biogenic CH4 

flux would have to compensate for the neglected influx of CH4 through the lower boundary. 

Uncertainties also arise from the RTM and the inverse model approach itself. The building 

process is not unique and subjective by nature. A number of models, differing in process 

formulations, parameter choice or boundary conditions might potentially explain the 

observed data equally well. Nonetheless, the presented RTM was built on the mechanistic 

understanding gained from the previous steady-state modeling study and the 

comprehensive ODP data set. The presented scenario is thus comparably well constrained 

and represents the most plausible scenario that reproduces the data and can be 

constrained by available observations. 

Despite these uncertainties and limitations, the presented study reveals how RTMs can 

hindcast the diagenetic history that created the observed distributions of authigenic 

minerals. Therefore, RTMs provide a rational support for a detailed, quantitative 
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understanding of the biogeochemical dynamics over geological timescales. Model 

estimates are orders of magnitude lower than in modern day environments. Previous 

modeling studies, the results of the inverse modeling, the quantification of uncertainties 

associated with weakly constrained parameters, a comprehensive set of biomarker, isotope 

and geochemical data, as well as the results of modeling and observational studies from 

similar drill sites, help verify the model formulation and support the formulated conclusions. 

However, any attempt to infer the nature of paleo-environments from present-day 

observations should be viewed as a work in progress and should be constantly reevaluated 

and tested in the context of our evolving mechanistic understanding of these environments. 

Conclusions 

Marine sediments act as the ultimate sink for organic carbon, sequestering otherwise 

rapidly cycling carbon for geologic timescales. During the mid-Cretaceous OAEs, the 

globally enhanced organic carbon burial rates may have effectively reduced the CO2 

concentrations of the mid-Cretaceous greenhouse atmosphere. However, the mechanisms 

which led to the increased organic carbon burial during these events are still controversial. 

In the past, conceptual and mathematical models of black shale formation often focused on 

the contribution of primary depositional processes, such as increased primary production 

and/or water column anoxia, to the intense organic carbon sequestration. So far, little 

attention has been given to the role of organic matter breakdown in marine sediments. 

However, a quantitative assessment of the long-term evolution of organic matter 

degradation in Cretaceous black shales and the associated biogeochemical transformations 

and fluxes could provide important insights into the functioning of the sedimentary carbon 

sink during these events. 

In this study, a highly-resolved barite depth-profile is used in combination with a transient 

RTM to unravel the evolution of biogeochemical transformations and fluxes in black-shale 

bearing sediments drilled at Demerara Rise (ODP Leg 207). Simulation results indicate that 

long-term variations in sedimentation rate induce prominent shifts in the redox-zonation of 

the sediment and promote the formation of distinct authigenic fronts. These results confirm 

the earlier formulated hypothesis that the distribution of authigenic barites provides a 

detailed record of the longterm evolution of the SMTZ and, therefore, offers important 

insights into the evolution of the organic matter reactivity within the Cretaceous black shale 

sequence. 



6. OM degradation in Cretaceous black shales inferred from authigenic barite: A reaction-transport model 

188 
 

Simulation results show that the reactivity of the organic matter was already low at the time 

of its deposition in the Cretaceous. The inversely determined range of initial apparent first-

order rate constant of organic matter degradation (10-4-10-8 yr-1) is orders of magnitude 

lower than those calculated based on empirical relationships for oxic and anoxic 

environments. However, it agrees well with rough estimates of initial rate constants, which 

have been calculated with the power model (Arndt et al., 2006). Nonetheless, the inverse 

model results show that the temporal evolution of the redox-dynamics at Demerara Rise, as 

recorded in the authigenic BaSO4 distribution, indicates low organic matter degradation 

rates, which are not well-captured by the power model. The refractory nature of the organic 

matter results in a high preservation efficiency of 79-89%. 

The geochemical characteristics of sediments drilled at Demerara Rise, as well as the 

presence of certain biomarkers indicate that euxinic conditions in both the water column 

and the sediment may have caused an enhanced preservation of organic matter in the 

Cretaceous black shales. In particular, the intense sulfurization of organic matter in the 

sulfidic and iron-limited sediments could have significantly reduced the susceptibility of the 

organic matter to degradation. The enhanced preservation of organic matter may have 

played a prominent role in the formation of Cretaceous black shales in the euxinic southern 

North Atlantic. It may have increased the efficiency of the global sedimentary carbon sink 

and may have effectively reduced the CO2 content of the Cretaceous atmosphere. 

These findings suggest that the extreme environmental conditions, which prevailed in the 

Cretaceous greenhouse, increased the importance of factors that favor organic matter 

preservation. Consequently, the functioning of the Cretaceous sedimentary carbon sink and 

its effect on the Cretaceous climate system may not be well-described by simplified 

parametric laws, based on empirical relationships from modern day observations. 

Therefore, the results emphasize the need for a mechanistic understanding of long-term 

organic matter degradation dynamics that integrates the environmental controls on organic 

matter preservation. 
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Abstract 

High resolution investigations of major and minor elements were carried out on a sediment 

drill core from Wunstorf (N. Germany), including the black shale bearing Hesseltal 

Formation with the Oceanic Anoxic Event 2 (OAE 2), also referred to as Cenomanian-

Turonian Boundary Event (CTBE). Seven black shale packages, each containing several 

black shale layers, were defined by TOC values, with black shale packages 1 – 4 deposited 

during OAE 2. As packages 5 - 7 extend above the level of the positive carbon isotope 

excursion defining OAE 2, the circumstances favouring organic carbon burial obviously 

prevailed longer in the Wunstorf basin than globally. Geochemical analysis revealed no 

significant differences between black shale packages deposited during OAE 2 and 

thereafter. Regarding palaeoenvironmental conditions during black shale deposition, 

enrichment patterns of sulphur, iron and redox-sensitive and sulphide-forming trace metals 

hint to suboxic to anoxic conditions at the sediment-water interface, whereas sulphidic 

conditions prevailed deeper in the sediment. Variations in element/Al ratios follow cyclic 

patterns which we interpret as climatically induced changes in sediment supply. Reduced 

vertical mixing leads to water column stratification causing black shale deposition.  

 
Keywords: Wunstorf, Oceanic Anoxic Event 2, Cenomanian-Turonian Boundary Event, trace metals, black 

shales, palaeoenvironment 
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Introduction 

In the mid-Cretaceous, marine sediments recorded several distinct periods of wide-spread 

organic-rich black shale deposition. The enhanced burial of organic carbon during these so-

called Oceanic Anoxic Events (OAEs; Schlanger and Jenkyns, 1976) is thought to arise 

from enhanced bio-productivity, enhanced preservation of organic matter during anoxic 

conditions, or a combination of both (e.g., Arthur et al., 1987, 1988; Schlanger et al., 1987). 

The Cenomanian-Turonian Boundary Event (CTBE = OAE 2; ca. 93.5 Ma) is one of the 

best-studied global OAEs. It is characterized by a global organic carbon burial episode and 

a positive shift in δ13C values of organic carbon and carbonate (e.g., Schlanger et al., 1987; 

Arthur et al., 1988; Gale et al., 1993; Erbacher et al., 2005). At Wunstorf (northern 

Germany), a continuous core was drilled in 2006 which recovered 76 m of middle 

Cenomanian to middle Turonian sediments. The CTBE is represented by a 26.5 m thick 

sedimentary succession consisting of rhythmically bedded laminated black shales, dark 

organic-rich marls and marly limestones (Erbacher et al., 2007). A high-resolution 

carbonate δ13C curve resolves all known features of the positive δ13C anomaly related to 

OAE 2 with high accuracy (Voigt et al., 2008). 

Strong enrichments of redox-sensitive elements in organic carbon-rich sediments are 

usually related to anoxic bottom waters. Under reducing conditions, these elements may 

either be precipitated as sulphides, co-precipitated with iron sulphides, or bound to organic 

matter (Brumsack, 1980, 1989; Jacobs et al., 1985, 1987; Breit and Wanty, 1991; Hatch 

and Leventhal, 1992; Calvert and Pedersen, 1993; Piper 1994; Nijenhuis et al., 1998). 

Recent reviews by Brumsack (2006) and Tribovillard et al. (2006) examined environmental 

parameters controlling trace element enrichment in comparable modern settings (e.g. semi-

restricted basins, upwelling regions). Enrichment/depletion patterns of selected trace 

elements are emphasized for reconstructing palaeodepositional conditions, most notably 

palaeoproductivity and palaeoredox. Brumsack (2006) discussed the enrichment of trace 

metals in Cretaceous black shales and attempted to evaluate whether enhanced bio-

productivity or widespread water column stagnation triggered black shale formation. 

Here we present an inorganic geochemical study from a Cretaceous black shale 

succession drilled at Wunstorf. Major and minor element composition provides insight into 

the relative proportions of major components in marine sediments: terrigenous detritus, 

biogenous material, and diagenetic products. Elements and element ratios related to 

terrigenous material may further help to identify provenance characteristics and related 
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changes in climate and/or sediment supply. Changes in palaeoproductivity are mirrored by 

elements related to biogenous processes, and the oxygenation state of the water column 

may be deduced from the abundance of redox-sensitive elements. 

Material and Methods 

Site description 

The Wunstorf core was drilled in 2006 close to the city of Hannover, Germany, next to the 

Wunstorf quarry (TK 25 Wunstorf, no. 3522, R: 3,532,774, H: 5,807,412). The Hannover 

area encompasses the basinal section of an intra-shelf basin (with water depths in the order 

of 100-150 m; Wilmsen, 2003) that was formed during the Cenomanian transgression as 

part of the extended epicontinental shelf sea (Fig. 7.1). During the CTBE, the basin was 

subjected to episodically occurring dysoxic and anoxic conditions at the sea floor. 

 

 

Figure 7.1 Late Cenomanian palaeogeography of the Central European shelf sea, showing the 
location of the Wunstorf core. Map modified after Voigt et al. (2004). 
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The Wunstorf core section consists of four lithostratigraphic units which represent - from 

base to top - parts of the Baddeckenstedt Formation, the Brochterbeck Formation, the 

Hesseltal Formation and parts of the Söhlde Formation (Voigt et al., 2008). This study 

focuses on sediments of the Hesseltal Formation (49.6-23.1 m), comprising a 26.5 m thick 

succession of alternating black shales, grey to green marls, marly limestones, and light-

grey limestones (Fig. 7.2). The underlying Brochterbeck Formation consists of white and 

light-grey marly limestones. The stratigraphic boundary between both formations is marked 

by the Facies Change (“Fazieswechsel”) as described by Ernst et al. (1983). The black 

shale beds of the Hesseltal Formation occur in packages of up to several meters thickness. 

Voigt et al. (2008) describe three major units: The lower black shale horizon (48.7-47.4 m) 

comprises an alternation of four black shale beds with intercalated light marly limestones 

and contains the basin-wide occurring Chondrites Event (47.55-47.35 m). A further marker 

bed is the Plenus Bed (47.30-46.85 m), a basin-wide occurring limestone layer in the lower 

part of the Hesseltal Formation (Ernst et al. 1983). The middle black shale package (44.1-

41.6 m) often yields fish remains and is traditionally called Fish Shale (“Fischschiefer”). 

Thin-shelled inoceramids occur in the upper prominent black shale succession (37.3-35.0 

m) which is termed the Watinoceras Bed because of ammonite occurrences in coeval 

outcrops. 

Each aggregation of black shale beds of the Hesseltal Formation comprises a bundle of 

several (four to five, Voigt et al., 2008) black shale couplets, with cyclic patterns for each 

decimeter-thick single couplet: Starting with laminated black shale, the degree of 

bioturbation increases up-section, and the couplet grades into greenish to grey marl, grey 

marly limestone and finally into a light-grey limestone. In those black shale bundles, the 

basal couplets are characterized by thick and predominantly laminated black shales, 

whereas the upper couplets are thinner and carbonate-dominated. Usually the bundles are 

terminated by prominent limestone layers. The overlying Söhlde Formation consists of grey-

greenish, bioturbated, marly limestones with scattered inoceramid debris and occasional 

inoceramid shell layers. 

Stable isotope stratigraphy (Voigt et al., 2008) shows the prominent positive carbon isotope 

excursion of OAE 2 at 49.6-36.0 m (Fig. 7.2). The high-resolution carbonate δ13C curve 

reflects all known detailed features of OAE 2 in Europe (Jarvis et al., 2006; Voigt et al., 

2007), including 1) an initial small rise in δ13C above the Facies Change terminated by a 

small negative inflection; 2) a major rise towards the first maximum (A); 3) a trough interval 

followed by a rise towards a second maximum (B); 4) a ‘plateau’ phase containing an 
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intermittent positive inflection (C); and 5) a final fourth maximum (D) (Fig. 7.2). This precise 

chemostratigraphic correlation provides an excellent age model and thus allows embedding 

the studied OAE 2 black shales into a global context. 

Analytical methods 

Focusing on the black shale-bearing Hesseltal Formation (49.6-23.1 m), sediment splits 

were taken every ~50 cm between 52.5 and 49.7 m and every ~10 cm between 49.7 and 

19.7 m. All 319 samples were freeze-dried, ground and homogenized in an agate ball mill. 

Element concentrations were determined by X-ray fluorescence (XRF) analysis. 600 mg 

sample powder was mixed with 3,600 mg dilithiumtetraborate (Li2B2O7), pre-oxidized at 

500°C with ammonium nitrate (NH4NO3, p.a.) and fused into glass beads in platinum 

crucibles. The glass beads were analyzed by XRF (Philips® PW 2400 X-ray spectrometer) 

calibrated with 29 carefully selected geostandards. Total sulphur (S) and total carbon (TC) 

were analyzed using an ELTRA® CS-500 IR-analyzer. Total inorganic carbon (TIC) was 

determined coulometrically by a UIC® CM 5012 CO2 coulometer coupled to a CM 5130 

acidification module. Total organic carbon (TOC) was calculated as the difference between 

TC and TIC. Procedures and accuracy of the methods were checked with in-house 

reference materials (see Appendix) and are comparable to those obtained by Prakash Babu 

et al. (1999). 

Results and Discussion 

The results from geochemical analysis are summarized in Table 7.1. The limestones of the 

Brochterbeck Formation, the Söhlde formation as well as the limestones of the Hesseltal 

formation are characterized by high carbonate contents and very low contents of 

terrigenous-detrital material. Thus, some elements are only present in trace quantities close 

to the XRF detection limit owing to carbonate dilution. 
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Table 7.1 Comparison of average element contents and element/Al ratios with standard deviation 
(1σ) for Wunstorf and ‘average shale’. To be continued. 

  Average 
Shale 

Brochterbeck 
Fm (n=10)

Söhlde Fm 
(n=34) 

Hesseltal Fm 
  limestones (n=175) Plenus Bed (n=2) 
S % 0.24 <0.1   <0.1   <0.1   <0.1   
TIC % 0.35 10.34 ± 0.47 9.56 ± 0.49 8.42 ± 1.34 10.96 ± 0.01 
TOC %   <0.1   <0.1   <0.1   <0.1   
Si % 27.53 3.81 ± 1.22 5.58 ± 1.08 8.84 ± 3.45 2.28 ± 0.16 
Ti % 0.46 0.07 ± 0.02 0.10 ± 0.02 0.13 ± 0.05 0.03 ± 0.00 
Al % 8.84 1.22 ± 0.35 1.84 ± 0.33 2.29 ± 0.82 0.60 ± 0.04 
Fe % 4.80 0.57 ± 0.14 0.94 ± 0.16 1.23 ± 0.48 0.45 ± 0.02 
Mg % 1.60 0.39 ± 0.05 0.53 ± 0.04 0.63 ± 0.15 0.40 ± 0.01 
Ca % 1.57 34.76 ± 1.73 31.80 ± 1.66 27.91 ± 4.38 36.45 ± 0.61 
Na % 1.19 <0.11   <0.11   <0.11   0.19 ± 0.27 
K % 2.99 0.35 ± 0.11 0.51 ± 0.09 0.67 ± 0.26 0.18 ± 0.02 
P % 0.07 0.03 ± 0.01 0.02 ± 0.00 0.05 ± 0.03 0.02 ± 0.00 
As ppm 10 1 ± 1 1 ± 1 2 ± 3 2 ± 1 
Ba ppm 580 60 ± 16 99 ± 59 106 ± 44 42 ± 7 
Co ppm 19 <5   <5   12 ± 23 6 ± 2 
Cr ppm 90 <15   <15   <15   <15   
Cu ppm 45 <5   <5   14 ± 14 <5   
Mn ppm 850 1728 ± 270 801 ± 86 3102 ± 1448 3416 ± 22 
Mo ppm 1 <5   <5   <5   <5   
Ni ppm 68 <10   <10   13 ± 34 <10   
Pb ppm 22 4 ± 1 6 ± 5 10 ± 11 3 ± 2 
Rb ppm 140 18 ± 6 29 ± 5 36 ± 13 9 ± 1 
Sr ppm 300 956 ± 31 715 ± 45 858 ± 103 897 ± 7 
U ppm 4 2 ± 1 <2   2 ± 1 2 ± 0 
V ppm 130 23 ± 6 35 ± 7 43 ± 16 14 ± 1 
Y ppm 41 13 ± 2 11 ± 2 17 ± 5 12 ± 0 
Zn ppm 95 18 ± 7 21 ± 4 32 ± 53 <10   
Zr ppm 160 33 ± 10 41 ± 7 53 ± 24 22 ± 2 
Si/Al  3.11 3.09 ± 0.17 3.03 ± 0.06 3.85 ± 0.52 3.79 ± 0.00 
Ti/Al  0.05 0.05 ± 0.00 0.05 ± 0.00 0.05 ± 0.00 0.05 ± 0.00 
Fe/Al  0.55 0.48 ± 0.05 0.51 ± 0.02 0.54 ± 0.09 0.76 ± 0.02 
Mg/Al  0.18 0.33 ± 0.06 0.29 ± 0.03 0.29 ± 0.04 0.66 ± 0.06 
Ca/Al  0.18 31.17 ± 10.70 18.01 ± 4.22 14.09 ± 6.23 60.86 ± 5.19 
Na/Al  0.13          0.30 ± 0.42 
K/Al  0.34 0.28 ± 0.01 0.28 ± 0.01 0.29 ± 0.03 0.30 ± 0.02 
P/Al  0.01 0.03 ± 0.00 0.01 ± 0.00 0.02 ± 0.01 0.04 ± 0.00 
As/Al  10-4 1.1 0.6 ± 0.7 0.5 ± 0.4 1.0 ± 1.6 2.5 ± 1.0 
Ba/Al  10-4 65.6 49.8 ± 9.1 56.0 ± 46.2 48.2 ± 16.5 69.7 ± 7.0 
Co/Al  10-4 2.1       5.6 ± 13.1 9.1 ± 2.9 
Cr/Al  10-4 10.2             
Cu/Al  10-4 5.1       5.9 ± 5.9    
Mn/Al  10-4 96 1543 ± 518 454 ± 118 1569 ± 989 5698 ± 354 
Mo/Al  10-4 0.1             
Ni/Al  10-4 7.7       5.9 ± 17.3    
Pb/Al  10-4 2.5 3.8 ± 1.7 3.6 ± 3.1 4.5 ± 4.5 4.3 ± 3.8 
Rb/Al  10-4 15.8 14.7 ± 0.6 16.0 ± 0.8 16.0 ± 2.0 14.1 ± 0.2 
Sr/Al  10-4 34 849 ± 262 403 ± 88 425 ± 172 1497 ± 114 
U/Al  10-4 0.4 1.4 ± 0.7    0.9 ± 0.5 3.3 ± 0.2 
V/Al  10-4 14.7 19.3 ± 2.9 19.1 ± 1.4 18.7 ± 3.2 23.4  4.0 
Y/Al  10-4 4.6 11.0 ± 2.0 6.2 ± 1.0 7.7 ± 2.0 19.4 ± 1.3 
Zn/Al  10-4 10.7 16.1 ± 9.9 11.7 ± 2.1 15.1 ± 28.8    
Zr/Al  10-4 18.1 27.3 ± 2.8 22.6.9 ± 1.9 23.0 ± 3.6 32.7 ± 6.6 

Quotation “<X”: average values below detection limit X (defined as half the quantification limit). 
El/Al ratio not determined. Quotation in italics: average values below quantification limit (see 
Appendix 7.1). El/Al ratio grey. 
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Continuation of Table 7.1 Comparison of average element contents and element/Al ratios with 
standard deviation (1σ) for Wunstorf and ‘average shale’. To be continued. 

  Hesseltal Fm – black shale packages 
  0.25≤TOC≤0.5 (n=31) bs 1-x (n=6) bs 2-x (n=19) bs 3-x (n=10) 
S % 0.16 ± 0.27 0.37 ± 0.56 0.89 ± 0.80 0.58 ± 0.53
TIC % 7.24 ± 2.190 5.14 ± 2.25 6.02 ± 1.28 5.81 ± 1.42
TOC % 0.34 ± 0.07 0.95 ± 0.62 1.13 ± 0.49 1.38 ± 0.88
Si % 11.66 ± 5.62 16.52 ± 6.29 14.09 ± 3.97 14.48 ± 4.23
Ti % 0.16 ± 0.09 0.25 ± 0.10 0.20 ± 0.06 0.20 ± 0.06
Al % 2.87 ± 1.39 4.55 ± 1.61 3.51 ± 0.92 3.57 ± 1.02
Fe % 1.64 ± 0.79 2.27 ± 0.49 2.35 ± 0.57 2.14 ± 0.47
Mg % 0.71 ± 0.24 0.97 ± 0.25 0.84 ± 0.20 0.86 ± 0.20
Ca % 24.17 ± 7.11 17.50 ± 7.17 20.42 ± 4.09 19.99 ± 5.04
Na % <0.11   <0.11 <0.11 <0.11   
K % 0.89 ± 0.45 1.40 ± 0.50 1.12 ± 0.27 1.12 ± 0.31
P % 0.07 ± 0.05 0.13 ± 0.05 0.10 ± 0.04 0.08 ± 0.02
As ppm 5 ± 6 37 ± 42 13 ± 12 8 ± 6 
Ba ppm 125 ± 43 171 ± 51 150 ± 22 153 ± 34 
Co ppm 26 ± 26 131 ± 223 32 ± 21 31 ± 21 
Cr ppm 16 ± 14 37 ± 16 32 ± 10 30 ± 10 
Cu ppm 19 ± 13 35 ± 3 28 ± 6 25 ± 9 
Mn ppm 2918 ± 1434 701 ± 402 1725 ± 657 1825 ± 1430
Mo ppm <5   <5 <5 <5   
Ni ppm 37 ± 46 181 ± 253 35 ± 21 32 ± 17 
Pb ppm 12 ± 9 25 ± 10 17 ± 4 16 ± 5 
Rb ppm 48 ± 22 72 ± 23 58 ± 15 60 ± 17 
Sr ppm 820 ± 122 698 ± 104 798 ± 128 754 ± 93 
U ppm 2 ± 1 3 ± 1 3 ± 1 3 ± 1 
V ppm 54 ± 23 97 ± 22 90 ± 27 73 ± 17 
Y ppm 19 ± 6 26 ± 8 23 ± 5 19 ± 2 
Zn ppm 48 ± 40 60 ± 26 59 ± 24 48 ± 19 
Zr ppm 71 ± 43 118 ± 46 86 ± 30 86 ± 28 
Si/Al  4.07 ± 0.44 3.60 ± 0.15 4.00 ± 0.16 4.06 ± 0.26
Ti/Al  0.06 ± 0.00 0.05 ± 0.00 0.06 ± 0.00 0.06 ± 0.00
Fe/Al  0.59 ± 0.13 0.54 ± 0.19 0.71 ± 0.27 0.62 ± 0.13
Mg/Al  0.26 ± 0.03 0.22 ± 0.03 0.24 ± 0.01 0.24 ± 0.02
Ca/Al  10.96 ± 5.90 5.01 ± 4.01 6.61 ± 3.25 6.46 ± 3.51
Na/Al     0.01 ± 0.01 0.02 ± 0.05 0.01 ± 0.00
K/Al  0.31 ± 0.02 0.31 ± 0.02 0.32 ± 0.01 0.31 ± 0.01
P/Al  0.02 ± 0.00 0.03 ± 0.00 0.03 ± 0.01 0.02 ± 0.01
As/Al  10-4 2.3 ± 3.1 8.7 ± 8.9 4.6 ± 5.1 2.6 ± 2.3 
Ba/Al  10-4 46.0 ± 6.8 38.6 ± 4.3 44.8 ± 9.2 44.3 ± 9.9 
Co/Al  10-4 11.4 ± 15.1 27.7 ± 42.5 10.7 ± 10.1 9.3 ± 8.0 
Cr/Al  10-4 5.0 ± 2.2 8.0 ± 1.7 9.3 ± 3.0 8.4 ± 2.4 
Cu/Al  10-4 7.1 ± 4.9 8.7 ± 3.7 8.4 ± 2.1 7.1 ± 2.8 
Mn/Al  10-4 1328 ± 811 213 ± 210 575 ± 352 659 ± 702
Mo/Al  10-4       
Ni/Al  10-4 15.2 ± 22.6 36.9 ± 48.2 11.7 ± 10.1 9.4 ± 5.7 
Pb/Al  10-4 4.3 ± 1.8 5.4 ± 1.0 4.9 ± 0.8 4.3 ± 0.8 
Rb/Al  10-4 16.8 ± 1.5 16.2 ± 1.6 16.4 ± 0.6 16.9 ± 1.1 
Sr/Al  10-4 355 ± 170 185 ± 112 254 ± 114 235 ± 98 
U/Al  10-4 0.9 ± 0.6 0.7 ± 0.4 0.7 ± 0.3 0.8 ± 0.4 
V/Al  10-4 19.8 ± 5.6 22.3 ± 3.6 26.9 ± 10.3 21.0 ± 4.3 
Y/Al  10-4 7.2 ± 1.3 6.0 ± 0.7 6.8 ± 1.3 5.8 ± 1.6 
Zn/Al  10-4 19.1 ± 16.4 14.2 ± 5.6 17.0 ± 5.8 13.5 ± 5.0 
Zr/Al  10-4 23.8 ± 3.1 25.5 ± 1.8 23.8 ± 2.8 24.0 ± 2.3 

Quotation “<X”: average values below detection limit X (defined as half the quantification limit). 
El/Al ratio not determined.Quotation in italics: average values below quantification limit (see 
Appendix 1). El/Al ratio grey. 
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Continuation of Table 7.1 Comparison of average element contents and element/Al ratios with 
standard deviation (1σ) for Wunstorf and ‘average shale’. 

  Hesseltal Fm – black shale packages 
  bs 4-x (n=21) bs 5-x (n=4) bs 6 (n=2) bs 7-x (n=5) 
S % 0.86 ± 0.82 0.93 ± 1.01 0.51 ± 0.53 1.16 ± 1.05
TIC % 7.58 ± 0.82 8.36 ± 1.16 8.80 ± 0.11 9.03 ± 0.32
TOC % 1.07 ± 0.45 1.20 ± 0.72 0.89 ± 0.08 1.50 ± 0.52
Si % 9.81 ± 2.72 7.54 ± 2.48 6.70 ± 0.56 4.77 ± 0.79
Ti % 0.13 ± 0.04 0.10 ± 0.03 0.09 ± 0.01 0.07 ± 0.01
Al % 2.43 ± 0.59 2.01 ± 0.69 1.89 ± 0.12 1.62 ± 0.30
Fe % 2.24 ± 0.56 1.93 ± 0.75 1.46 ± 0.45 1.77 ± 0.88
Mg % 0.67 ± 0.14 0.66 ± 0.06 0.55 ± 0.01 0.48 ± 0.03
Ca % 25.16 ± 2.71 27.92 ± 2.99 29.19 ± 0.90 31.05 ± 2.34
Na % <0.11   <0.11 <0.11 <0.11   
K % 0.80 ± 0.21 0.65 ± 0.24 0.64 ± 0.02 0.48 ± 0.08
P % 0.08 ± 0.04 0.06 ± 0.05 0.09 ± 0.08 0.03 ± 0.02
As ppm 23 ± 24 14 ± 12 19 ± 19 20 ± 16 
Ba ppm 113 ± 17 101 ± 23 100 ± 2 85 ± 15 
Co ppm 30 ± 16 18 ± 9 24 ± 15 33 ± 19 
Cr ppm 29 ± 15 25 ± 21 <15 25 ± 15 
Cu ppm 25 ± 6 19 ± 11 22 ± 2 20 ± 5 
Mn ppm 3220 ± 938 2906 ± 1376 2060 ± 99 1544 ± 836
Mo ppm <5   <5 <5 <5   
Ni ppm 41 ± 21 33 ± 34 22 ± 20 34 ± 28 
Pb ppm 13 ± 4 11 ± 5 12 ± 1 9 ± 4 
Rb ppm 44 ± 12 36 ± 13 36 ± 3 27 ± 5 
Sr ppm 816 ± 78 837 ± 130 994 ± 64 1055 ± 68 
U ppm 3 ± 1 3 ± 1 2 ± 1 2 ± 1 
V ppm 116 ± 66 140 ± 108 67 ± 24 100 ± 52 
Y ppm 19 ± 3 13 ± 3 19 ± 6 13 ± 2 
Zn ppm 77 ± 40 62 ± 38 60 ± 16 47 ± 9 
Zr ppm 57 ± 16 42 ± 13 39 ± 2 32 ± 3 
Si/Al  4.00 ± 0.22 3.77 ± 0.38 3.55 ± 0.06 2.95 ± 0.10
Ti/Al  0.05 ± 0.00 0.05 ± 0.00 0.05 ± 0.00 0.04 ± 0.00
Fe/Al  0.97 ± 0.33 1.01 ± 0.34 0.78 ± 0.29 1.08 ± 0.49
Mg/Al  0.28 ± 0.02 0.37 ± 0.15 0.29 ± 0.01 0.30 ± 0.05
Ca/Al  11.13 ± 3.54 16.33 ± 9.83 15.52 ± 1.49 20.00 ± 6.17
Na/Al        
K/Al  0.33 ± 0.02 0.32 ± 0.03 0.34 ± 0.01 0.30 ± 0.01
P/Al  0.03 ± 0.02 0.03 ± 0.02 0.05 ± 0.04 0.02 ± 0.01
As/Al  10-4 11.3 ± 13.2 7.5 ± 5.7 10.2 ± 10.8 11.7 ± 9.9 
Ba/Al  10-4 47.7 ± 7.5 52.3 ± 9.4 52.8 ± 2.3 52.7 ± 2.7 
Co/Al  10-4 13.0 ± 7.7 10.1 ± 6.1 12.7 ± 8.7 19.1 ± 11.0
Cr/Al  10-4 12.7 ± 7.6 11.3 ± 7.8 14.4 ± 9.0 
Cu/Al  10-4 10.5 ± 3.2 9.6 ± 3.7 11.5 ± 1.9 12.8 ± 2.9 
Mn/Al  10-4 1438 ± 644 1616 ± 880 1096 ± 124 1072 ± 896
Mo/Al  10-4       
Ni/Al  10-4 17.2 ± 9.7 16.8 ± 14.3 12.0 ± 11.3 19.9 ± 17.0
Pb/Al  10-4 5.3 ± 1.2 5.8 ± 2.7 6.1 ± 0.8 5.8 ± 2.8 
Rb/Al  10-4 18.2 ± 1.3 17.7 ± 2.7 19.1 ± 0.3 16.9 ± 0.6 
Sr/Al  10-4 360 ± 111 497 ± 325 529 ± 69 665 ± 111
U/Al  10-4 1.1 ± 0.6 1.3 ± 0.5 1.1 ± 0.8 1.3 ± 0.4 
V/Al  10-4 52.0 ± 38.5 70.1 ± 42.8 36.0 ± 15.1 59.4 ± 30.0
Y/Al  10-4 8.0 ± 1.7 7.1 ± 2.1 10.1 ± 4.1 8.4 ± 1.0 
Zn/Al  10-4 33.1 ± 19.0 33.1 ± 19.4 31.6 ± 6.2 30.3 ± 9.1 
Zr/Al  10-4 23.3 ± 1.4 20.9 ± 1.6 20.6 ± 0.5 20,2 ± 2.9 

 

Quotation “<X”: average values below detection limit X (defined as half the quantification limit). 
El/Al ratio not determined.Quotation in italics: average values below quantification limit (see 
Appendix 1). El/Al ratio grey.  



7. Geochemical environment of C/T black shale deposition at Wunstorf (northern Germany) 

203 
 

Bulk parameters and major components 

Figure 7.2 shows the TOC depth profiles for the upper Cenomanian to lower Turonian black 

shale of the Wunstorf core. The analyzed limestones of the Brochterbeck Formation are 

basically free of organic carbon (TOC <0.1 %). The described pattern of black shale 

packages with alternating black shales, marls and limestones of the Hesseltal Formation 

can be identified in the TOC profile: Highest TOC values (up to 2.8 %) are found in the 

black shale beds, whereas the marls are characterized by moderate to low TOC contents 

(~0.5 %) and the limestones are essentially free of TOC. The same is true for the 

limestones of the overlying Söhlde Formation. 

 

 

Figure 7.2 Carbon isotope stratigraphy of the studied Wunstorf core section (Voigt et al., 2008). 
Three major black shale packages as suggested by these authors, numbering deduced from 
Total Organic Carbon contents (this study). 

 

While Voigt et al. (2008) describe three major black shale packages, we identified seven 

black shale packages (1 - 7, Fig. 7.2) with TOC >0.5 % with several couplets (one to four, 

labeled X-a, X-b, etc.). Black shale package 1 (48.6-47.4 m) consists of three black shale 

bundles, with 1-c corresponding to the Chondrites Event described by Voigt et al. (2008). 
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Adopting the definition of OAE 2 from carbon isotope stratigraphy (49.6-36.0 m), black 

shale layer 1-a is the first within OAE 2. The following black shale package 2 (44.1-41.6 m) 

matches the “Fischschiefer”. Below the Watinoceras Bed we identified a black shale 

package 3 (40.8-39.1 m) with three bundles. Based on TOC distribution, we expand 

package 4 (Watinoceras Bed, 37.3-35.0 m; Voigt et al., 2008) to 38.0-35.0 m. Thus, black 

shale layer 4-c is the last black shale layer within OAE 2. Above the Watinoceras Bed, we 

identified three more black shale packages (33.3-32.3 m, 29.8-29.7 m and 26.4-26.0 m), 

with packages 5 and 7 containing two black shale layers each, and package 6 containing 

one single layer. 

Figure 7.3A shows the depth profiles of the bulk parameters TOC, S and CaCO3, assuming 

all TIC is present as pure CaCO3. Within the limestone sequences, S contents are <0.1 %. 

Within the black shale packages, S values mostly vary between 0.3 and 1.0 %. Distinct 

peaks with S contents reaching 2.9 % appear in black shale layers. 

In a very simplistic way, marine sediments consist of variable mixtures of terrigenous 

detritus (represented by Al2O3 and SiO2) and biogenous material (represented by CaCO3 

and SiO2). As expected, the limestones of the Brochterbeck and the Söhlde Formations are 

characterized by high carbonate contents (CaCO3 >70 %). Within the Hesseltal Formation, 

carbonate contents vary between 15.1 and 91.3 %. Abrupt changes from lower to higher 

values are detected in black shale packages with alternating marls and limestones. The 

inverse distribution patterns for CaCO3 and Al2O3 (Fig. 7.3A), the latter representing the 

terrigenous detritus, show the dilution effect of biogenous carbonate. The SiO2 profile 

seems to match the one of Al2O3. 

To compare the major components contributing to sediment composition, the relative 

proportions of CaO (mostly carbonate), SiO2 (quartz/opal and alumosilicates), and Al2O3 

(alumosilicates) are plotted in a triangle diagram (Fig. 7.4; Brumsack, 1989). For 

comparison, average shale (AS, Wedepohl, 1971), K-feldspar, and kaolinite are also 

plotted. Sediments plot slightly below the mixing line between carbonate and AS 

documenting the dominance of these two components. However, samples appear to either 

contain a clay component lower in Al than AS or are reflecting small quantities of additional 

SiO2, possibly biogenous opal. As no shift towards Al-richer components is detectable (as 

would be expected from a higher kaolinite proportion), intense weathering did not play a 

major role in the depositional history at Wunstorf. 
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Figure 7.3 (A) Depth profiles for bulk parameters and major components. (B) Depth-profiles for 
selected element/Al ratios. Dashed line: Element/Al ratio of average shale (AS) (Wedepohl, 1971, 
1991). 
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Figure 7.4 Ternary Plot: Major geochemical components of the Wunstorf core in the system Al2O3 
• 5 - SiO2 - CaO • 2 (relative weight ratios). Data points for average shale (AS; Wedepohl, 1971) 
and K-feldspar are shown for comparison. 

 

Terrigenous material and cyclostratigraphy 

Some elements, like Al, Ti, K and Zr, are only present in the detrital component and are not 

influenced by biogenic or diagenetic processes. This is especially true for proximal and 

shallow epicontinental seas such as the Cretaceous Wunstorf Basin. To account for dilution 

effects by varying input of carbonate or organic matter, element contents are normalized to 

Al (El/Al ratio). Significant variations in Al ratios of detrital elements therefore reveal 

changes in provenance and/or specific depositional processes (e.g. turbidites, winnowing 

bottom currents). Figure 7.3B shows the profiles of Si/Al, Ti/Al, and Zr/Al. The Si/Al ratio of 

sediments from the basal Brochterbeck Formation is similar to AS (3.11). With the onset of 

the Hesseltal Formation, Si/Al ratios slightly increase upcore, reaching a maximum value of 

5.06, and decrease again to the AS level in the upper part of the Hesseltal Formation.  
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There are different possibilities for explaining increased Si/Al ratios. Either, there might be 

changes in the alumosilicate composition (lower Al and higher Si content) owing to, e.g., 

changes in weathering conditions. Alternatively, the Si excess might be due to input of 

quartz and/or biogenic opal. As quartz and heavy minerals are closely associated in the 

coarser grain size fraction and are thus indicators of high-energy environments (e.g., 

Dellwig et al., 2000), elevated Ti/Al and Zr/Al ratios in correlation with elevated Si/Al would 

hint to the presence of quartz. However, the values of Ti/Al and Zr/Al (Fig. 7.3B) are similar 

to AS (0.05 and 18.1 ×10-4, respectively) and show only little variation within the sequence 

studied, despite some interruptions between black shale package 1 and 2 (46.9-44.1m) 

containing the Plenus bed, marls and limestones. Therefore, it may be assumed that the 

SiO2 excess is related to enhanced input/preservation of biogenic opal. This assumption is 

confirmed by two observations. First, if the clay mineral fraction, represented by the Al2O3 

content (Fig. 7.3A), is calculated on a carbonate-free basis to remove variable dilution by 

biogenic carbonate, it exhibits a pattern that mirrors Si/Al. Thus, there seems to be another 

component that dilutes the detrital input, possibly biogenic opal. Second, the increase in the 

Mn/Al ratio across the Hesseltal Formation (Fig. 7.3B) is unexpected as Mn is usually 

mobilized from sediments deposited under oxygen-depleted conditions (see below). Yet, 

higher biogenic opal contents in these deposits may offer higher pore space for the early 

diagenetic formation of authigenic Mn phases (e.g., carbonates) even under anoxic 

conditions (see Sangiorgi et al., 2008; März et al., in prep.). Thus, we strongly suggest that 

the formation of CTBE black shales in the Wunstorf Basin was accompanied by enhanced 

production of opal-shelled organisms, and that this biogenic SiO2 contributes to the 

elevated bulk Si/Al ratio.  

The K/Al ratio (Fig. 7.3B) shows a slight increase in the upper part of the Brochterbeck 

formation. Above the Plenus bed lower values indicate changes in the composition of the 

detrital material (46.65 – 45.00 m). For CTBE black shales from Demerara Rise Hetzel et 

al. (2009) identified several sediment layers of one centimeter to several decimeters 

thickness by characteristic element/Al ratios: low K/Al and Si/Al, high Ti/Al ratios. The latter 

can also be found in the Ti/Al profile of Wunstorf. A decrease in Si/Al ratios might be 

obscured by other mechanisms controlling Si distribution (see discussion above). From 

macroscopic observation the authors postulated that these layers at Demerara Rise are 

most likely diagenetically altered ash beds. At Wunstorf a change in sediment supply is not 

evident from macroscopic observations.  
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Comparison with the carbon isotopic curve shows that the decrease in K/Al coincides with 

the trough between maximum A and B. Lithostratigraphically it appears in the greenish-grey 

marls at the top of the Plenus Bed compromising a significant sandy component (Prauss, 

2006). The interval is part of a Highstand systems tract (HST) following sea level lowstand 

at the Chondrites event (see Fig. 7.2). HST’s coarsen slightly upward and show increasing 

signs of winnowing (Wilmsen, 2003). The Plenus Bed itself describes a cooling episode 

during OAE 2 that has been widely recognized based on the pulsed occurrence and 

southward migration of boreal faunal elements in midlatitude shelf seas in NW Europe 

(Voigt et al. 2004). Voigt et al. (2006) stated that it is likely that cooling reduced the rate of 

sea level rise or even stopped it entirely. Based on stratigraphic studies, we think that for 

the Wunstorf succession the decrease in K/Al accompanied by an increase in Ti/Al can be 

best explained by sediment sorting: During times of reduced sea level rise after sea level 

lowstand and enhanced circulation the sediment surface might be exposed to wave bases 

for longer times allowing winnowing of light K-bearing alumosilicates. 

Parallel to the European cooling event (Plenus Bed) a brief period of intensified sea-floor 

oxygenation and intermittent surface-water cooling is also documented for OAE 2 at 

Demerara Rise (Friedrich et al. 2006; Forster et al. 2007). Thus, besides the 

contemporaneous decrease in the temperature record, a change in the detrital composition 

is noticeable both in the Central European Shelf Sea and the tropical proto-North Atlantic. 

Assuming a coeval occurrence, we conclude that this is rather a result of increasing 

palaeocurrents than simultaneous ash ejection. However, as admitted by Hetzel et al. 

(2009) diagenetic overprinting and limitations of interpretation of bulk element 

concentrations leave the origin of the “ash layers” at Demerara Rise unexplained. 

Above this interval K/Al, values are ~ 0.3 and show only little variation until a gradual 

decrease is visible beginning above black shale package 4. Concluding, despite of slight 

deviations from the base level, no major changes in the terrigenous sediment supply can be 

deduced from El/Al ratios above 45 m. 

Figure 7.5 provides details of TOC and El/Al ratios of Si, Zr and K for black shale packages 

2-4. These are compared to the cyclostratigraphy for this sequence as published by Voigt et 

al. (2008). On this enlarged scale, changes in El/Al ratios follow the described cyclic pattern 

of black shale deposition. Both Si/Al and Zr/Al minima are paralleled by TOC maxima, while 

the cyclic pattern of K/Al is less pronounced. 
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Figure 7.5 Cyclostratigraphy of the Wunstorf core black shale section (Voigt et al., 2008), 
applying downhole gamma ray data and XRF-scanning Ti counts. Short eccentricity-related 
cycles (solid line) as well as precession-related cycles (dashed line) were extracted by Gaussian 
filtering. Comparison with black shale deposition (TOC) and terrigenous detritus (Si/Al, Zr/Al and 
K/Al) for black shale packages 2, 3 and 4. 

 

From cyclostratigraphic spectral analysis, Voigt et al. (2008) concluded that the black shale-

limestone bedding cycles are climatically induced, and forced by short eccentricity-

modulated precessional cyclicity. From our data, we postulate that input pathways of the 

detrital material follow precession cycles as well. Decreased values of Si/Al, Ti/Al and Zr/Al 

occur during intervals of black shale deposition. Cross-correlation analysis of excess Si with 

Ti and Zr indicates a co-enrichment in a more energetic environment for intercalated marls 

and limestones. 

Manganese 

The profile of the Mn/Al ratio of the Wunstorf core is shown in Figure 7.3B. Mn/Al values are 

higher than AS (96×10-4) apart from some samples in black shale layer 1-a (minimum 

42×10-4). Overall, Mn/Al values show two major maxima. The first one is located above 

black shale package 1 (compromising the Plenus Bed), the second one forms a broad peak 

with gradual boundaries above black shale layer 2 (“Fischschiefer”) up to the top of the 

Hesseltal formation. This broad pattern is affected by local variability, e.g., local Mn/Al 

minima in black shale layers of black shale package 3 (see TOC profile for comparison), 

and local maxima following the profile of CaCO3 (33-26 m).  

Mn/Al values above AS values suggest oxic conditions and related deposition of Mn 

(oxyhydr)oxides. During early diagenetic reduction, these layers may act as a source for 

dissolved Mn(II). Mn(II)-rich pore waters enable Mn carbonate overgrowths on calcite 

surfaces or even lead to the precipitation of individual Mn carbonate minerals (like ankerite) 
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in reducing alkalinity-enriched settings. Thus Mn in anoxic sediments is assumed to be 

predominantly a carbonate-bound element (Pratt el al., 1991). A loss of Mn before and 

shortly after sediment deposition may occur under oxygen-deficient conditions at the 

sediment-seawater interface. Thus, apart from variable dilution by biogenic or detrital 

material, bottom water redox conditions during deposition, the pore water regime, 

sedimentary carbonate contents as well as biogenic opal-related porosity may influence Mn 

distribution. 

Within pelagic carbonate sequences, Mn/Al contents are supposed to follow sea level 

changes. According to Jarvis et al. (2001) lowstand systems tracts are characterized by low 

Mn contents, whereas transgressive system tracts are characterized by higher Mn contents, 

with maxima around maximum flooding surfaces. Thus, the Mn maximum at and above the 

Plenus Bed in the Wunstorf section may be related to the highstand systems tract 

beginning at the base of the Plenus Bed up to the base of the “Fischschiefer” (Prauss, 

2006). The author further concludes a lowstand system tract within the “Fischschiefer” 

followed by a transgressive system tract. This is in agreement with our findings of a broad 

Mn peak. In addition, the enhanced input of biogenic opal (see above) most probably 

induced the increase of the Mn/Al ratios during the black shale period due to diagenesis in 

porous opal-rich sediments. Thus sea level-related variations likely are obscured. 

Productivity proxies 

Phosphorus belongs to the essential nutrient elements controlling marine primary 

productivity (e.g., Broecker and Peng, 1982). High concentrations are found in recent 

upwelling sediments, pointing towards enhanced nutrient supply and resulting high 

bioproductivity (e.g., Böning et al., 2004; Schenau et al., 2005). Incorporated into organic 

material (e.g., in marine phytoplankton; Redfield, 1958), P is deposited in the sediment, 

where it is preferentially remineralized relative to TOC, liberated to bottom and pore waters, 

and may in the latter case form authigenic phosphate precipitates (e.g. hydroxyapatite) 

(Föllmi, 1996; Delaney, 1998). 

The P/Al ratios (Fig. 7.3B) of the Brochterbeck Formation (mean value 0.03) are higher than 

AS values (0.008). Within the Hesseltal Formation, P/Al ratios stay high until a prominent 

dropdown right above the Plenus Bed, with superimposed local maxima within black shale 

package 1 between single back shale layers. Above this general broad minimum, P/Al 

ratios increase again, reaching values >0.02 below black shale package 2. Further upcore, 

they remain on this “basis level” up to black shale package 4, where P/Al ratios decrease 

slightly and gradually until values ~ 0.01 are reached above black shale package 7 and 
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within the Söhlde Formation. Within black shale packages, some isolated local P/Al maxima 

occur. The fact that these peaks in P/Al ratio are not always coincident with maxima in TOC 

might be a result of OM degradation and P diagenesis, i.e. precipitation of authigenic 

apatite layers. Another potential explanation for P-rich layers are fish bones, which may 

either accumulate in certain layers due to abrupt fish mortality, or serve as sources for 

dissolved P during their diagenetic dissolution. Overall, the enrichment of P within the black 

shale packages points towards enhanced nutrient availability and primary productivity 

during deposition. In addition, the “porosity effect” suggested for the Mn enrichment within 

the black shale interval might also lead to higher P background values via enhanced 

precipitation of authigenic apatite. 

The non-lithologenic excess Ba has been interpreted as a palaeoproxy for bio-productivity 

(e.g., Schmitz, 1987; Dymond et al., 1992; Paytan et al., 1996). As biogenic barites 

(Dehairs et al., 1980; Bishop, 1988; Dehairs et al., 1990; Bertram and Cowen, 1997; Paytan 

et al., 2002, Bernstein and Byrne, 2004) are supposedly forming in the water column in 

association with organic particles or certain microorganisms, several authors investigated 

the relationship between excess Ba and water depth (Dymond et al., 1992, von Breymann 

et al., 1992, Schenau et al., 2001). Von Breymann et al. (1992) showed a general lack of 

biogenic Ba enrichments in shallow environments (<1000 m). As we assume a palaeo-

water depth between 100 and 150 m for Cenomanian-Turonian sediments at Wunstorf, 

biogenic barite is not expected to be present in significant amounts. Therefore Ba contents 

or Ba/Al ratios cannot be used as proxies for palaeoproductivity at this location. The overall 

low Ba/Al ratios (see Tab. 7.1) support the "water depth – biogenic barite" relationship (von 

Breymann et al., 1992), but do not necessarily exclude enhanced bioproductivity. 

Carbon-Sulphur-Iron systematics and redox-sensitive and sulphide-forming trace metals 

The oxydation state of the overlying water column and the redox conditions of the surface 

sediment form crucial variables for the preservation of organic material and the formation of 

sedimentary pyrite (FeS2). Under oxygen deficiency, dissimilatory sulphate reduction leads 

to the formation of hydrogen sulphide that may further interact with reactive iron to 

precipitate as pyrite (Berner, 1970, 1984). Therefore, the contents and interrelations of 

TOC, S and Fe allow to draw conclusions about the palaeoenvironment during deposition of 

the sediment. 
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Figure 7.6 Ternary Plot: Degree of pyritization of sediments from the Wunstorf core in the system 
Fex – TOC – S • 2 (relative weight ratios). Reactive Fex is calculated with Fex = Fe – 0.25 • Al. 
Data point for pyrite is also shown. 

 

The degree of pyritization based on bulk geochemical sediment analysis is visualized in a 

ternary Fex-TOC-S diagram (Fig. 7.6; Brumsack, 1988; Dean and Arthur, 1989; Brumsack 

et al., 1995). The content of reactive Fe (Fex) is estimated empirically (Fex= Fe-0.25•Al) 

assuming that a certain fraction of alumosilicate-bound Fe is not available for pyrite 

formation (Canfield et al., 1992). The presented data all plot above the pyrite saturation line, 

indicating that pyrite formation was not limited by reactive Fe availability. Nevertheless, 

some samples of the black shale layers plot close to the pyrite saturation line, and are 

assumed to be pyritized to a high degree. Comparison of different black shale packages 

and single layers indicates no general differences in the degrees of pyritization (data not 

shown). 

Figure 7.3B shows the depth profile of Fe/Al. Most values are rather similar to AS (0.55). 

However, especially within the black shale packages, several distinct peaks occur 

(maximum Fe/Al 1.90) which cannot be explained by redistribution processes within the 

sedimentary column. Comparison with the S depth profile indicates a match of peaks in S 
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and Fe/Al, hinting to the formation of iron sulphides. Increased Fe/Al contents require an 

additional Fe source during deposition. Reductive Fe mobilization from near-shore areas or 

enhanced fluvial Fe input are likely causes for the observed Fe enrichments.  

Several trace metals (TM) are known to be enriched in TOC-rich sediments, such as As, 

Co, Cu, Mo, Ni, U, V and Zn. As listed in Table 7.1, the concentrations of these TM are 

often below the XRF quantification limit within the limestone sequences. The black shale 

packages are characterized by higher values, notwithstanding absolute concentrations are 

relatively low due to carbonate dilution. Thus, Mo and U contents often are close or fall 

below the XRF detection limit. The profiles of selected element/Al ratios are given in Figure 

7.3B. Figure 7.7 shows the enrichment factor (EF) - calculated from mean TM/Al ratios 

relative to TM/Al of AS – for different black shale packages studied and for C/T mean 

values (compared to a global compilation made by Brumsack, 2006). 

A comparison of the TM/Al profiles with each other, as well as with the TOC and S profiles 

shows that not all peaks appear in parallel, and that the degree of TM enrichment is 

different for different TM. For example, black shale package 1 is highly enriched in As, Co 

and Ni. However, regarding the TM/Al profiles, layer 1-a is not distinguishable from 

surrounding limestones, while layer 1-b and 1-c can be readily identified. Layer 1-b shows 

minor peaks in S and As, but extreme peaks in Co and Ni. Layer 1-c shows higher values 

for S, similar values for As/Al, but lower values for Co/Al and Ni/Al relative to 1-b. Fe/Al 

ratios are elevated within layer 1-c, but not in 1-a or 1-b. Some single peaks in TM/Al ratios 

occur outside black shale layers (defined by their TOC contents). For example, within 

package 1, a distinct peak in Zn/Al occurs without accumulation of organic material just 

below layer 1-b. At 22.99 m, a peak in all TM/Al ratios as well as in S and Fe/Al profiles is 

present, but no TOC enrichment. Thus, the TM distribution within black shale layers of the 

Wunstorf section does not reveal a uniform enrichment pattern. Hence, no general TM-

based model for palaeoredox and palaeoenvironmental conditions leading to black shale 

deposition in this setting can be established. 

However, some information regarding redox conditions can still be derived from the TM 

records of the Wunstorf drill core. Although it bears much simplification, we may deduce 

from Figure 7.7 that the black shale packages of the Wunstorf section (except package 1) 

are enriched in Fe relative to C/T mean values. 
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Figure 7.7 Mean enrichment factors (EFs) of redox-sensitive and sulphide-forming elements (Fe, 
As, Co, Ni, V and Zn) relative to average shale (AS) (Wedepohl, 1971, 1991) for Wunstorf core 
black shale layers, in comparison with mean values for Cenomanian-Turonian black shales 
(Brumsack, 2006) and Hesseltal limestones. EF = element/Al(sample)/element/Al(AS). Arrows 
indicate maximum values. 
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The enrichment of As and Co for most black shale packages is in the same order of 

magnitude as the C/T mean value, while the EFs of Ni, V and Zn are well below. Different 

pathways for the introduction of redox-sensitive and sulphide-forming TMs to TOC-rich 

sediments have been suggested. Most oxyanions (like U and Mo) are primarily derived from 

seawater and enter the sediments most probably via diffusion across the sediment-water 

interface if the surface sediments are sub- to anoxic. Other TM (Co, Cu, Ni) are deposited 

via bio-detritus in association with high primary productivity, or are adsorbed onto sinking 

particles like Fe- or Mn(oxyhydr)oxides or organic matter. For some elements (As, V, Zn), a 

combination of different enrichment mechanisms seems possible (Smedley and Kinniburgh, 

2001, Brumsack, 2006, Tribovillard et al., 2006, Böning, 2009). 

The oxyanions Mo, U and V show different behaviour under various redox conditions 

(Tribovillard et al., 2006). While U and V may be reduced and accumulated under 

denitrifying (suboxic-anoxic) conditions, Mo is enriched mainly under sulfate-reducing 

(anoxic-sulfidic) conditions. Thus, in the case of U and V enrichment without parallel Mo 

enrichment, suboxic/anoxic depositional conditions without free hydrogen sulphide are 

suggested. Reduced U and V may be incorporated into organic matter, but do not form 

stable sulphides. In contrast to these metals, As is either taken up by solid sulphide phases 

under anoxic-sulfidic conditions, (if high amounts of free hydrogen sulphide are present) 

precipitated as As sulphides, or co-precipitated with other sulphide minerals such as pyrite 

(Smedley and Kinniburgh, 2002). In addition, As is not supplied to the sediment via 

diffusion, but is adsorbed onto Fe(oxyhydr)oxides before being released during 

decomposition of organic matter and reductive dissolution of Fe(oxyhydr)oxides. 

Co shows a similar behaviour like Mn in seawater and sediments and an association of Co 

with Fe and Mn(oxyhydr)oxides under oxic conditions is likely. Under oxygen-depleted 

conditions in an open environment like in an oxygen minimum zone (OMZ), adsorbed Co 

will be mobilized and transported away (Heggie and Lewis, 1984, Böning, 2009). Under 

sulphidic conditions, Co precipitates as CoS when free hydrogen sulphide is present 

(Huerta-Diaz and Morse, 1992). The elements Cu, Ni and Zn are among those being 

involved in biogenic cycling. Thus, they primarily enter the sediment via bio-detritus but may 

as well be adsorbed onto Mn or Fe(oxyhydr)oxides. Under reducing conditions in the 

sediment, these TM may be incorporated into Fe sulphides or form their own sulphide 

phases. Alternatively, Ni can be incorporated in organic matter, similar to U and V. 

As the black shale layers of the Wunstorf succession are only moderately enriched in 

redox-sensitive and sulphide forming trace metals (e.g. As, Co, Ni, V, Zn), and at the same 
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time lack Mo enrichments, we assume suboxic rather than euxinic conditions during their 

deposition. However, because most of the TM enriched here are sulphide-forming, we 

further assume sulphidic conditions at or shortly below the sediment-water interface, 

trapping TM after reductive mobilization. As the TM involved in biogenic cycling and/or 

incorporated post-depositionally in organic matter (Ni, V, Zn) are more enriched within 

intermediate black shale packages 4 and 5, we further suggest changes in the amount 

and/or nature of delivered organic material. This could be due to increased primary 

productivity (as indicated by P/Al ratios), but also due to lower input of refractory, non-

reactive terrigenous organic material into the Wunstorf basin. 

Comparison to other C/T black shale sections 

Although OAE 2 is thought to be a global event as concluded from positive carbon isotopic 

excursions, organic carbon burial differs in its geographic expression. Suboxic, anoxic or 

even euxinic conditions developed in oxygen minimum zones along continental margins of 

the tropical Tethys, in restricted epicontinental seas, and in the widening North and South 

Atlantic Ocean basins. These conditions led to deposition of rhythmically bedded 

sedimentary sequences including organic-rich black shale (Leckie et al., 2002). The 

Bonarelli level representing OAE 2 in the Umbria-Marche Basin of Central Italy defines a 

characteristic discrete black shale level within a calcareous sequence. On Demerara Rise, 

a submarine plateau in the tropical North Atlantic, CTBE black shales form part of a thick 

black shale interval (thickness up to 90 m) encompassing the Albian to Santonian 

(Erbacher et al., 2004). There, the sediments deposited during OAE 2 are characterized by 

extremely high organic carbon content with maximum values up to 30.2 % with mean 

values of about 15 % (Hetzel et al., 2009), whereas TOC contents of the Bonarelli level 

(mean value 2.60 %; Turgeon and Brumsack, 2006) are much more comparable to values 

for black shales of the Wunstorf succession. TOC, TIC and S contents as well as 

element/Al ratios for selected elements for OAE 2 sediments of Demerara Rise (ODP Sites 

1258 and 1260) and the Umbria-Marche Basin (Furlo) in comparison to the Wunstorf 

succession are listed in Table 7.2. Additionally, values for underlying “black levels” of Furlo 

and values for AS are shown. Among the sites listed, Wunstorf represents the shallowest 

site located in the Central European shelf sea whereas Furlo and Demerara Rise were 

located at greater water depth (Site 1260: 500m; Site 1258: 1000 m, Furlo: 1500 m). 
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Table 7.2 Comparison of average element contents and element/Al ratios for different C/T black 
shale sections (Wunstorf, Furlo, Demerara Rise) and ‘average shale’.  

 
1 Wilmsen (2003) 
2 Voigt et al. (2008) 
3 Friedrich et al. (2008) 

 

At Demerara Rise, black shales deposited during OAE 2 are clearly depleted in Mn but 

enriched in redox-sensitive and sulphide forming TM such as As, Co, Cu, Mo, Ni, U, V, and 

Zn. Nevertheless the enrichment in seawater-borne elements like Mo is less pronounced 

during OAE 2 than before and after this event. This might be related to the global extent of 

oxygen-depleted conditions leading to black shale deposition and thus forming a significant 

TM sink. Paleogeographic reconstructions show that the proto-North Atlantic Ocean was a 

restricted area with major seawater supply coming from the Tethys only. Hetzel et al. (2009) 

assumed that the decline in TM enrichment seen at Demerara Rise indicates a drawdown 

of TMs from seawater, similar to the “basin reservoir effect” described by Algeo and Lyons 

(2006). If TM seawater concentrations were actually reduced during OAE 2, an enrichment 

  Wunstorf Furlo Demerara Rise  

  North German 
Basin Umbria-Marche Basin proto-North Atlantic Average 

   Livello 
Bonarelli 

Black 
Levels Site 1258 Site 1260 Shale 

  this study Turgeon and Brumsack 
(2006) Hetzel et al.(2009) 

Wedepohl 
(1971, 
1991) 

water depth (m) 100 -1501 1500 10003 5003  
sedimentation 
rate cm/kyr 2.1 - 3.02 0.29 0.26 1 0.25  

S % 0.76 0.81 0.41 4.97 3.43 0.24 
TIC % 7.25  6.84 2.46 5.76 0.35 
TOC % 1.16 2.60 2.80 17.82 12.12  
Si/Al × 10-4 3.70 20 5 5.81 3.72 3.11 
Fe/Al × 10-4 0.82 0.80 0.99 0.76 0.80 0.54 
P/Al × 10-4 0.03 0.12 0.05 0.05 0.12 0.01 
As/Al × 10-4 8.1 8.8 11.0 8.8 12.5 1.1 
Ba/Al × 10-4 47.6 3520 369 188.1 345.2 65.6 
Co/Al × 10-4 14.7 4.7 37 4.4 4.4 2.1 
Cu/Al × 10-4 9.8 64.0 76 24.0 30.5 5.1 
Mn/Al × 10-4 952.8 15.0 172 18.4 5.9 96.2 
Mo/Al × 10-4 0.1 5.6 2.0 14.3 16.7 0.1 
Ni/Al × 10-4 17.7 26 91 59.5 73.0 7.7 
U/Al × 10-4 1.0 2.5 1.9 6.2 10.8 0.4 
V/Al × 10-4 41.1 220 241 127.0 294.5 14.7 
Zn/Al × 10-4 24.7 229 302 48.1 154.0 10.7 
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of seawater derived TM within the CTBE black shales at Wunstorf might have been 

inhibited. 

High values of P/Al and Ba/Al indicate high primary productivity (Hetzel et al., 2009). From 

high-resolution element/Al profiles and Fe and S specification Hetzel et al. (2009) 

concluded that euxinic conditions prevailed during OAE 2 whereas sediments deposited 

before and thereafter are more compatible with a situation encountered in modern coastal 

upwelling areas within an expanded OMZ. For the Furlo section Turgeon and Brumsack 

(2006) concluded differences in depositional environments for the Bonarelli level and the 

“black levels” below. The Mn depletion in the Bonarelli sediments shows that bottom waters 

were oxygen-depleted during this time and that open marine conditions permitted the export 

of Mn. This contrasts with the elevated Mn/Al ratios in the black levels which indicate that 

Mn was trapped during these times and that the (sub-)basin or the OMZ was more 

restricted.  

Most redox-sensitive or sulphide-residing trace elements are strongly enriched for both 

settings indicating periodic depletion of oxygen and potential availability of hydrogen 

sulphide in the water column. Black levels are characterized by higher Co and Ni 

enrichments and higher Re/Mo ratios demonstrate more oxygenated bottom waters during 

deposition of the “black levels” than during OAE 2, where elevated Ba concentrations are 

indicative of high paleoproductivity in this area, which is further supported by the high P 

concentrations. 

As stated above, among the locations listed TOC contents are lowest in the black shale of 

the Wunstorf section, whereas S contents are comparable to the Bonarelli level but much 

lower than CTBE black shales at Demerara Rise, where sulphidic conditions lead to a 

sulphurization of organic matter (Hetzel et al., 2009). Concerning primary productivity, P 

and Ba contents indicate high productivity within the Umbria-Marche Basin during OAE 2, 

whereas at Demerara Rise productivity was slightly enhanced similar to black shales 

deposited before and after OAE 2 (Hetzel et al., 2009). Since Ba contents cannot be used 

as a paleo-proxie for the Wunstorf succession (see section Productivity proxies), we 

conclude that productivity at Wunstorf was more comparable to the preceding deposition of 

black levels in the Umbria-Marche basin than to the deposition of the Bonarelli level during 

OAE 2. The same is true for enrichments pattern of redox-sensitive or sulphide forming 

trace metals: Sediments deposited under truly anoxic to euxinic conditions such as the 

Bonarelli level and OAE 2 sediments of ODP Sites 1258 and 1260 are both highly enriched 

in the oxyanions Mo and U (for Furlo also Sb), while the enrichment patterns for the black 
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levels of Furlo and for black shales of Wunstorf reveal a preference of chalcophile trace 

metals (Fe, As, Co, and Ni). From this we conclude that more suboxic-anoxic conditions 

rather than truly anoxic-euxinic conditions did prevail, although we have to admit, that 

deposition of Mo and U at Wunstorf might be obscured by higher sedimentation rates 

and/or the change in water column TM inventory proposed by Hetzel et al. (2009). 

Another similarity for the black levels of Furlo and black shales of Wunstorf are the higher 

amounts of Mn in comparison to the other black shales listed in Table 7.2. In summary, we 

can state from inorganic-geochemical parameters that the depositional environment of 

black shales of Wunstorf located in the Central-European shelf sea seems to be less 

extreme than conditions within deeper ocean basins during OAE 2.  

Tyson and Pearson (1991) addressed the factors controlling continental shelf anoxia. The 

authors could show that ancient epeiric sea black shales rather reflect dysoxia-anoxia at the 

sediment-water interface than true anoxia and that seasonal stratification is the best model 

explaining these dysoxia-anoxia. During times of minimal seasonal variations the 

thermocline establishing during the summer could be stabilized due to less intense winter 

mixing. Such conditions may be triggered by orbitally induced changes in insolation and 

thus might be of major importance at lower and mid latitudes. The generally warmer 

temperature during the mid-Cretaceous might have favoured the occurrence of such 

thermocline stability and stratification might have become more permanent. 

 

 

Figure 7.8 Depositional model for black shale layers of the Wunstorf section based on 
geochemical parameters. 
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This model is in good agreement with our results: From cyclic minima in Si/Al and Ti/Al 

ratios we conclude a decrease in vertical mixing during times of black shale deposition. Due 

to water column stratification water masses below the thermocline become de-

oxygenenated and dysoxic to anoxic bottom waters established in an OMZ. As we assume 

moderate to enhanced primary productivity, higher oxygen demand may accelerate the 

oxygen deficiencies. Extension of the OMZ would lead to the reductive mobilization of Fe 

from near shore areas explaining the Fe enrichment seen in black shales of Wunstorf. 

Summary and palaeoenvironmental implications for black shale deposition 

The conclusions from geochemical data regarding the palaeoenvironment during black 

shale formation at Wunstorf are summarized in a conceptual depositional model (Figure 

7.8). Orbitally induced climate changes lead to less vertical mixing during black shale 

deposition intensifying water column stratification. Assuming moderate to enhanced primary 

productivity with an OMZ impinging on the continental shelf, the OMZ would be extended 

and reductive Fe mobilization from near-shore areas would result in elevated Fe/Al ratios. 

The transgressive system tract above the “Fischschiefer” would support enhanced Fe and 

nutrient supply, mobilizing so far unavailable nearshore and land-locked nutrients. 

However, this explanation by eustasy alone would not explain the cyclic distribution 

patterns of black shales following precession cycles. 

Regarding redox conditions at the sediment-water interface, we conclude suboxic rather 

than euxinic bottom waters allowing deposition of Mn or Fe (oxyhydr)oxides. Burial of 

organic matter as a result of increased productivity and oxygen deficiency intensified 

reducing conditions just below the sediment-water interface, leading to formation of Fe 

sulphides. Since we assume that As and Co were adsorbed on Fe(hydr)oxides, the 

enrichment of these TM supports our idea of deposition under suboxic conditions and 

pyritization of the sediment shortly after burial. However, euxinic conditions with free 

hydrogen-sulphide in the water column leading to precipitation of Fe-sulphide as well as As- 

and Co-sulphide cannot be completely excluded. 
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Appendix 

Appendix A7.1 Quantification limit, precision, and accuracy of analyzed elements. 

Element Method Quantification Precision SD (1σ) Accuracy 
  limit  (rel%) (rel%) 

S IR-analyzer   2.9 -0.1 
TC IR-analyzer   0.7 2.7 
TIC Coulometry   1.1 0.2 
Si XRF 1.40 % 1.3 -1.0 
Ti XRF 0.018 % 1.0 -3.6 
Al XRF 0.26 % 1.8 -0.4 
Fe XRF 0.21 % 1.0 -2.8 
Mg XRF 0.06 % 1.4 -1.3 
Ca XRF 0.14 % 1.1 -0.6 
Na XRF 0.22 % 2.8 -0.3 
K XRF 0.08 % 2.0 2.9 
P XRF 0.004 % 1.0 0.7 
As XRF 2 ppm 2.0 8.4 
Ba XRF 40 ppm 1.6 2.8 
Co XRF 10 ppm 15.7 3.9 
Cr XRF 30 ppm 4.8 -1.0 
Cu XRF 10 ppm 7.1 -21.7 
Mn XRF 155 ppm 5.7 -8.1 
Mo XRF 20 ppm 2.5 -3.5 
Ni XRF 20 ppm 2.3 -6.1 
Pb XRF 5 ppm 14.4 4.8 
Rb XRF 5 ppm 2.9 -1.9 
Sr XRF 20 ppm 1.2 -2.0 
U XRF 3 ppm 7.6 10.0 
V XRF 20 ppm 1.2 -2.6 
Y XRF 10 ppm 4.4 -0.1 
Zn XRF 20 ppm 1.7 1.3 
Zr XRF 10 ppm 6.3 0.9 

 
Note: Procedures and accuracy of all methods were checked with in-house reference materials (IR-Analyzer: 
PS-S (n=72); coulometry: Loess (n=54); XRF: DR-BS (n=12)). Precision is defined as 100% times the best 
estimate standard deviation (1σ) divided by the mean of the repeats. SD = standard deviation. Accuracy is 
defined as 100% times the difference between the mean of the repeated analyses and the expected value 
divided by the expected value. 
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8. Conclusions and Perspectives 

This study presents an inorganic geochemical study of two OAE 2 sequences located in 

different paleogeographical settings which exhibit different lithological expressions of black 

shale deposition. At Demerara Rise (ODP Leg 207; tropical Atlantic) sediments deposited 

during OAE 2 form part of a thick black shale succession, while within the Cenomanian-

Turonian sediments sequence at Wunstorf (north Germany) OAE 2 is presented by 

rhythmically bedded laminated black shales, dark organic-rich marls and marly limestones. 

As changes in water column redox conditions lead to responses in the coupled 

biogeochemical sulfur-carbon-metal cycles and associated sedimentary signal formation, 

distribution patterns of redox-sensitive and sulfide forming trace metals are analyzed for 

paleoenvironmental reconstructions of these two settings. 

For sediment cores recovered during ODP Leg 207 it can be shown that squeeze cake 

material (pore water squeezing residues) is useful for providing a first overview of the 

lithologic units by applying standard geochemical methods. Major element analysis 

indicates a common origin of the terrigenous detritus similar to average shale, whereas the 

clay-dominated Unit I reveals a more weathered terrigenous component. Cross-correlation 

analysis of elements provides information about different mineral phases suggesting 

different depositional environmental features. Heavy minerals phases and quartz-bearing 

sands display a high-energy synrift deposit in Unit V. The Cretaceous black shales of Unit 

IV are clearly enriched in redox-sensitive and stable sulfide-forming elements indicating 

high paleoproductivity and severe oxygen depletion in the water column. The complete 

sulfidization of the black shales and significant excess sulfur denote a sulfidic environment, 

leading to sulfur incorporation into organic matter. 

High-resolution major and minor element data were generated for both black shale 

sequences from Demerara Rise (ODP Leg 207) and for the Cenomanian-Turonian 

sedimentary succession at Wunstorf to identify changes in redox-conditions of the 

depositional environment during OAE 2. Using distribution patterns of trace element 

enrichment differences between both paleogeographical settings could be demonstrated. 

From the depletion in Mn and enrichment in sulfide-forming metals (Fe and Co) during OAE 

2 it is concluded that OAE 2 at Demerara Rise represents a euxinic environment whereas 

black shales deposited before and after OAE 2 are much more compatible with a situation 

encountered in modern coastal upwelling systems within an expanded oxygen-minimum-

zone. Euxinic conditions within the water column are confirmed by high ratios of reactive to 
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total iron as well as specific biomarkers. For the Wunstorf succession the situation is 

different. Black shale deposition occurs rhythmically both within and above the level of the 

positive carbon isotope excursion defining OAE 2. Thus, the circumstances favoring organic 

carbon burial apparently prevailed longer in the Wunstorf basin than globally. Geochemical 

analysis reveals no significant differences between black shale packages deposited during 

OAE 2 and thereafter. From variations in element/Al ratios of the terrestrial input, we 

postulate orbitally induced changes leading to less vertical mixing. Thus black shale 

deposition was likely caused by intensified water column stratification than by enhanced 

primary productivity. Enrichment patterns of diagnostic trace metals hint to suboxic to 

anoxic conditions at the sediment-water interface. 

The importance of black shale deposition during OAE´s for global trace metal cycles is 

evidenced in the C/T black shales of Demerara Rise. A decline in seawater derived trace 

metal enrichment during OAE 2 hints to a change in the trace metal inventory of seawater.  

Beside these paleoceanographic studies, element distribution patterns in pore waters 

reveal information about post-depositional and on-going diagenesis in the sediment. A 

reaction-transport model is used to infer the long-term evolution of anaerobic organic matter 

degradation in Cretaceous black shales from the distribution of authigenic barite in 

sediments drilled at Demerara Rise. The inversely determined parameters reveal that the 

reactivity of the organic matter was already low at the time of its deposition in the 

Cretaceous. Simulation results thus indicate that the enhanced preservation of organic 

matter under euxinic conditions presumably was the main cause for the formation of 

organic-rich Cretaceous black shales at Demerara Rise. 

 

The results of this study show how questions regarding the paleoenvironment of OAE 2 

sediments can be addressed using high-resolution major and minor element data. TTrace 

metal distribution patterns are identified to reflect changes in redox conditions. Due to 

dilution effects by biogenous carbonates some trace metals are only present in 

concentrations close to the detection limit of the X-ray fluorescence (XRF) analysis used 

here. Inductively coupled-plasma mass spectrometry (ICP-MS) would make a precise 

determination possible. Further ICP-MS analyses would extend the spectra of diagnostic 

trace metals (e.g., Ag, Bi, Cd, Re, Sb) making more paleoproxies available. For example, 

the Re/Mo ratio may be used to distinguish between suboxic and truly anoxic conditions of 

bottom waters. When the seawater trace metal draw-down in the proto-North Atlantic is 

considered, the magnitude of trace metal enrichment during OAE 2 may mirror the trace 



8. Conclusions and Perspectives 

228 
 

metal inventory and obscure redox conditions controlling trace metal burial. For this reason 

the Re/Mo ratio may not be suitable as a redox-proxy for black shales of Demerara Rise. 

For these sediments iron and sulfur speciation data are shown to be useful for 

distinguishing between anoxia at the sediment water interface and truly euxinic conditions 

in the water column. These analyses may bear important information about euxinic 

conditions restricted to the pore space within the sediment or prevailing within the water 

column during black shale deposition at Wunstorf. 

The multi-proxy approach bears a high potential for paloenvironmental reconstructions of 

sediment cores drilled by ODP. Scientist of different disciplines work on the same cores 

addressing questions regarding the paleoenvironment such as primary productivity, redox 

conditions, paleotemperature, water column stratification. As described, the comparison 

with results of organic-geochemical and paleontological studies confirms the depositional 

model, which is based on major and minor element data, for reconstructing the 

paleoenvironmental setting for Cenomanian-Turonian black shales of Demerara Rise. 

Because the Wunstorf Scientific Party also pursues a multi-proxy approach, the 

paleoenvironmental reconstruction for OAE 2 at Wunstorf based on inorganic geochemistry 

will possibly be evaluated as work of other groups is in progress. 

Besides the potential of major and minor element data for reconstructing the depositional 

environment the results presented here reveal certain limitations when only inorganic-

geochemical analyses are used when interpreting element distribution concerning the 

detrital sediment supply. On the one hand, changes in the composition of terrigenous 

material may indicate changes in superordinate parameters, such as paleoclimate or 

paleogeography. On the other hand changes in sediment input may override depositional 

signals or may influence diagenesis leading to post-depositional element migration. 

Mineralogical studies, e.g. by X-ray diffraction, may provide insights into the origin of the 

detrital material. In the case of the Cenomanian-Turonian black shales of Demerara Rise 

mineralogical studies may help to identify the so-called “ash layers”. For the Wunstorf 

succession mineralogy may provide important information about the origin of the described 

changes in Si/Al ratios as well as alterations in paleo-currents in relation to the Plenus Cold 

Event. 
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